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Abstract 
Renewable energy systems are widely used in the world, as their prices are going down 
and efficiencies are improving every year. According to energy data from the General Electricity 
Company of Libya, electricity demand in Libya is growing by about 9 percent every year. An 
increasing number of power generators is needed to meet the electricity demand and prevent 
power outages. In this thesis, available renewable energy sources in Bani Walid, Libya, which 
is part of the western Libya power system, are studied to design a hybrid power system. 
Optimization results show that a large-scale 76.8 MW PV system with a backup generator and 
batteries for energy storage can provide reliable power in that area. A detailed system design, 
optimal location, and stability analysis of the system have been studied and the results are 
presented in this thesis. The system is sized using Homer ver. 2.68. Results of sensitivity 
analysis show that irradiance sensitivity of -5, 0, and +5 have more effect on PV sizing than on 
the batteries. Power system steady-state analysis and power flow calculation are done using 
PowerWorld. Designed system stability and fault analysis are done using ETAP. Results 
indicate that the expected maximum voltage drop is only 1.2%. Contingency analysis indicates 
that an outage of transformer T10 will lead to 130% overloading of T11 and an outage of 
transformer T13 can cause 108% overloading of T14. Transient analysis results indicate that 
after a trip, voltage can vary by ±4%, with a peak variation of ±12%. The system control 
methods and suggestions for further work are included in the thesis. 
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Chapter 1 
1 Introduction 
A mini-grid is a group or series of generators or other electrical sources that can operate 
either in tandem (i.e., interconnected) with micro-grids or independently (i.e., islanded), 
servicing local customers. Although these kinds of grids are generally networked to a larger 
distribution system and feature, some form of ESS (energy storage system), mini-grids can also 
be installed for only one customer, such as in a solar-powered domestic system, in which case 
no distribution system is required. In most instances, however, mini-grids are part of a larger 
grid system, as local generators cannot always satisfy local customer needs [1]. The normal 
operating condition for mini-grids usually means being connected to a main grid and only 
operating independently if there is an outage in the main grid; less common is the mini-grid 
operating mostly as an independent power source with infrequent interconnectivity with the 
main grid if local power generation is insufficient [2]. 
Mini-grid systems are especially useful in rural environments, where they have been 
found to increase living standards by improving agricultural productivity through reliability and 
decreased power costs [3]. The main advantages of using mini-grid systems are outlined below: 
 Mini-grids can enhance power efficiency and reduce overall carbon emissions. Hybrid 
mini-grid systems are particularly attractive in this regard, as they typically use energy 
sources which are nearly 100% renewable. 
 Mini-grid systems, including hybrids, are known for generating a reliable power supply due 
to a variety of factors (e.g., infrastructure being locally owned and maintained; a small-scale 
operation produces fewer complications).  
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 In developing nations, where grid systems are typically less developed, mini-grids can easily 
be implemented and operated by small- and medium-sized businesses. As the region’s 
energy needs increase, these privately-owned systems can then later connect to an 
expanding grid.  
 Both biomass gasifiers and biogas digesters have emerged as economically viable renewable 
power sources for mini-grid systems, due in large part to their high capacity as well as their 
adaptability to a grid.  
 Issues around cost increases, resources’ depletion and fossil fuel costs are further advantages 
for mini-grid systems. Moreover, renewable power resources have been significantly 
reducing in cost due to extensive R&D in the industry. While renewable energy installations 
do often need some subsidization, this is becomming less and less with each passing year 
and still remains cheaper than installation to the main grid [4]. 
1.1 Research on Mini-grid Systems 
According to the literature, the biggest hurdle facing the implementation of mini-grids 
today is their cost and available financing options [4]. Most mini-grids require a substantial 
investment compared to more traditional energy production methods in rural areas (e.g., diesel-
powered generators). The main premise is that mini-grid projects must ultimately be financially 
self-sustaining while at the same time be affordable to customers. Mini-grid financing can be 
accomplished in a variety of ways, the most popular of which involve government-sourced 
subsidies and grants or industry-sourced assistance [4]. However, if these approaches are not 
available, this could act as a hindrance to the development of mini-grid systems. 
In many developing countries today, rural areas would not have a viable electricity 
system were it not for mini-grids. Furthermore, because the mini-grids increase rural users’ 
3 
 
access to power, their socio-economic circumstances have notably improved [4]. However, not 
all poor areas are being served even with micro-grids, due to customers in deeply impoverished 
areas being unable to pay for the service [4]. Urban areas, on the other hand, are usually always 
well-serviced with electricity even in destitute neighbourhoods, as their proximity to industry 
and financial centers guarantees them some level of electric supply from local urban utilities. 
In poor rural areas which are situated outside the servicing area of the region’s main 
grid, the provision of electricity takes on a decided community flair. Locals are forced to 
improvise small systems for themselves and their neighbours, and so usually fall back on 
traditional fuels such as diesel or hydropower. The motivation in building these micro-grid 
systems is to generate energy at the lowest possible cost, with reliability, safety and 
environmental concerns taking a back seat. Improvements to these systems are considered 
outside the realm of regional governments, so no overarching design standards are currently 
imposed [5]. 
1.2 Mini-grid Design Standards 
Mini-grid systems are often designed without any clear-cut standards to guide the 
builders. However, a few guiding principles could easily be incorporated into the system design 
for the benefit of the grid users, such as high efficiency and cost effectiveness, ease of 
expandability, and safety. These principles are explained below. 
A mini-grid system design would be considered high efficient and cost effective if it 
could generate and provide power at a reasonable rate and in sufficient quantities to satisfy 
demand for the anticipated duration of the grid’s service life. Efficiency might entail the use of 
higher quality materials in the design of the mini-grid, as lower quality materials might require 
more maintenance or even replacement. Efficiency could also mean building a larger grid than 
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current consumption patterns require, as it might be easier in the long-term to activate a grid 
where infrastructure is already present than to have to modify the design to add extra power to 
satisfy increased consumer demand. A larger system would also be more efficient if it prevented 
occurrences such as unwanted power losses and voltage drops [5]. 
A mini-grid system design would be considered safe when its operation posed no more 
problems or potential problems than typical larger grid systems, such as those found in urban 
areas. Using this definition as a guide, mini-grids could be designed with an eye to existing 
electrical standards and codes already applied to the region’s other energy-producing 
infrastructure. However, using existing standards and codes as a guide does not mean that mini-
grid design should not leave room for exceptions to those standards and codes. So, for instance, 
small conductors that might be inappropriate for larger grid usage (due to fire hazards) might be 
considered viable for mini-grids, as they would bring a substantial cost saving [5]. 
A mini-grid system design would be considered easily expandable if it lowered costs 
associated with the life of the equipment and components by including the ability to increase 
power production in the future. A good expansion design would, for instance, avoid the need 
for extensive rewiring or component replacement [5]. 
1.3 Mini-grid System Design Quality 
In the design of mini-grid hybrid systems, it is important to consider the quality of the 
components to be used as well as the type of power source, as both factors will affect not only 
the energy costs for users but also the reliability and durability of the system. The focus should 
be on long-term usability and affordability rather than options that will only benefit users in the 
short-term. Many rural communities in developing countries are often cash-strapped, so they 
look to building their power system as cheaply as possible, thinking from a short-term 
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perspective. This habit can be changed if the benefits of a long-term, good quality investment 
are presented to the users [6]. 
The same mindset (short-term usability and cheap cost) also influences the type of power 
source used in rural areas of developing nations. This, however, can benefit the implementation 
of mini-grid systems, as hybrid systems are cheaper to operate than grids that are run solely on 
diesel. Hybrid mini-grids also offer the option of using local resources, which provide a better 
guarantee of supplies being available when needed [6]. 
Two crucial measures that contribute to the design of mini-grid systems are efficiency 
and correct sizing. System efficiency is of major importance because it has a significant impact 
on the power load as well as on how much energy needs to be generated at any given time. 
Efficiency is also affected by sizing; if the system is too large or too small, the viability will be 
affected. Other measures include economic sustainability and issues around system operation, 
such as maintenance. Both governments and business interests can contribute to system 
implementation through subsidies and training, with the understanding that this is a long-term 
investment that should be sustain for several decades [6]. 
1.4 Hybrid Mini-grid Systems 
In producing energy, hybrid mini-grids use a variety of technologies (i.e., minimally two 
types) as well as different kinds of RES (renewable energy sources) backed up by a diesel 
generator. The hybrid grids are able to feed power to local communities for use in 
communications systems, water treatment, general domestic usage, etc. In fact, a hybrid mini-
grid operating independent of the national grid can be equally or even more efficient and reliable 
6 
 
than larger grids that supply urban areas. The mini-grids can also be hooked up to the national 
grid, should the need arise [6].  
Research indicates that using a variety of technologies and power resources is superior 
to using just one technology or resource. In rural communities of developing countries, 
employing the use of a genset either as a back-up to or in combination with RES has been shown 
to offer the most economical and efficient means for energy provision. In general, the prices and 
availability of renewables are relatively consistent, as are diesel gensets, so combining RES with 
non-renewables makes hybrid mini-grids economically feasible [6]. 
At the same time, RES can be combined and substituted to suit seasonal changes in 
conditions as well as seasonal availability of power sources. Hence, during seasons with lower 
wind rates or hydro generation, solar PV collectors could be used, and when solar power is 
typically low (at night or during rainy seasons), batteries that have stored energy during peak 
solar energy production times can be used [6]. 
1.5 Libyan Energy Production 
In the northern African nation of Libya (population ~6 million), the government-run 
General Electric Company of Libya (GECOL) is charged with providing electricity for the entire 
country. The per capita average consumption of power in Libya has been estimated at 4,271 
kWh [7], with around 98% of domestic households being supplied with power [8]. GECOL uses 
natural gas as the main fuel for energy production, as shown in Figure 1.1, although some areas 
of the country use heavy or light fuel oils in addition to the gas. Using natural gas is not only 
cheaper, it also cuts down on harmful CO2 emissions, so Libya is moving towards using more 
natural gas in its production of energy [9]. 
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Power usage in Libya differs according to customer and area. Figure 1.2 illustrates the 
various main consumption sectors and types of load. As can be seen in the figure, the residential 
load has the highest power consumption rate in the northern African country [9]. 
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Natural gas Heavy fuel oil Light fuel oil
Figure 1.1 GECOL power generation fuel percentages in 2012 [9] 
Figure 1.2 GECOL customer load percentages in 2012 [9] 
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The map in Figure. 1.3 below indicates that over half of the high-power infrastructure in Libya 
has been built near the coastal areas, as most of the population is concentrated there [10].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Usage has most notably increased during summer months as more and more Libyans 
install air conditioning in their homes to keep cool (source: GECOL website). The steady rise 
in electricity demand has generally kept pace with the increase in power generation, but 
occasional spikes in load have resulted in power shortfalls leading to outages in urban areas 
where electricity usage is heaviest [12]. Figure 1.4 shows monthly average and peak loads for 
2010, which was a year of heavy usage. 
 
 
Figure 1.3 Electricity infrastructure in Libya [10] 
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Figure 1.5 illustrates the increase in peak loads between 2003 and 2012. As can be seen in the 
figure, the steady growth in usage shows an annual increase of around 9%. 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
Figure 1.4 Monthly peak loads in Libya in 2010 [11] 
Figure 1.5 Electricity usage in Libya from 2003 to 2012 [9] 
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1.5.1 Renewable power sources in Libya 
Natural gas, crude oil, biofuels, and the burning of waste products provided Libyans with 
around 0.36 PW.h of power in 2011. By far, crude oil was responsible for producing the most 
power (80%) in the country, while waste and biofuels comprised significantly less (0.6%) and 
RES only 0.06% of overall production [8]. Since being adopted in Libya in the mid-1900s, a 
RES is primarily applied for specialized and rural needs (e.g., water pumping, communications 
components, and oil sites in remote locations) [13]. However, despite GECOL’s ongoing heavy 
dependence on fossil fuel, alternative renewable energy sources like solar and wind are currently 
being piloted by the government [9]. 
Solar power in particular holds immense promise as a renewable energy source in Libya, 
given the country’s dry and sunny climate. The rise of solar energy as an alternative source will 
help to offset rising demand for electrical power across the nation, including in rural areas. As 
mentioned in the previous paragraph, RES technology currently makes up only a very tiny 
portion of Libya’s energy infrastructure, but interest in small- and mini-grid-connected PV 
(photovoltaic) systems is growing as demand for affordable, reliable and environmentally 
friendly energy sources increases across the country. Other options besides solar-powered 
systems include using wind-generated power from large-scale array farms. Along with 
benefitting Libyan consumers, an expansion of RES would provide the government the ability 
and incentive to share technology and related advances with the global community, thus 
potentially opening the country to new energy-related trade opportunities [9]. 
1.5.1.1 Libya’s PV systems 
Libya’s hot, dry and sunny climate is ideal for solar power production. The country, 
which is situated along the coast of northern Africa, receives less than 150 mm of rain annually. 
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The mean yearly solar radiation is approximately 7.5 kWh/m2/day, while the mean annual 
sunshine hours number around 3,250. These dry and sunny conditions give Libya enormous 
potential for effective use of solar-based RES [9]. 
Within Libya, the region most conducive to expansion of the country’s emergent solar 
power industry is in the south, in cities such as Sabha and Alkufra, which feature mean daily 
solar radiation measurements of 8.1 kWh/m2/day. The northern coastal urban areas (e.g., 
Misratah and Tripoli) are also fairly sunny, receiving on average 7.1 kW.h/m2/day (using the 
horizontal irradiance measurement tool). Considering that the country receives around 3250h of 
sunshine annually, this results in mean annual solar radiation of ~ 2.8 GWh/m2/year [8]. Figure 
1.6 shows Libya’s global horizontal irradiance (GHI) [14]. 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1.6 Libya’s global horizontal irradiance (GHI) [14] 
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As mentioned above, solar power has been in use in Libya since the mid-1900s [8]. For 
example, in 1976, a PV system was employed for cathodic protection of the Port of Sedra 
pipeline project, while a few years later, PV technology assisted in water pumping systems near 
El-Agailat. PVs were also used for microwave repeaters in an installation in a remote section of 
southern Libya. By the turn of the century, PV systems were being installed for power provision 
in small rural villages that lay beyond the reach of the main grid. Table 1.1 presents a list of all 
the PV systems installed in Libya up to the year 2012 and their respective kWp [8]. 
Table 1.1 PV Systems and kWp in Libya to 2012 
PV kWp 
PV (rural power) 725 
PV (water pumps) 120 
GPTC 850 
Almadar 1500 
Libyana 330 
Oil Comp 120 
Other 10 
Total PV (communication systems) 2810 
PV (street lights) 1125 
Centralized PV system 110 
PV (rooftop systems) 30 
 
As shown in the table above, the installed power capacity for solar PV was 5MW in 
total. Some of the projects referenced in the table include the Wadi-Marsit project (a centralized 
system) that features a peak capacity of more than 67 kWp, as well as communication repeater 
stations (with a peak capacity of 950 kWp) and small-scale grid-connected PV systems (with a 
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peak capacity of around 42 kWp) [8]. Along with the country’s enormous potential in relation 
to PV-based power production, Libya is also positioned to take advantage of PV infrastructure-
related opportunities by becoming a regional leader in the manufacturing of PV components 
such as pods, panels, mounting systems and water tanks [8]. 
1.5.1.2 Libya’s wind energy 
An offshoot of direct solar energy is wind energy. Wind is produced by pressure and 
temperature differences in the atmosphere caused by solar radiation absorption over a specific 
region, which then induces various types of air movement [9]. Along with solar energy, wind 
power has gained a higher profile recently in Libya as a popular and cost-effective RES.  In 
fact, the harnessing of the wind’s power is not a new approach in Libya, as wind power has been 
used there for nearly 80 years already, mainly for irrigation and other needs related to water in 
desert areas of the country. The potential for applying wind power technology is immense, 
especially with Libya’s famous “Ghibli”, which are hot strong winds that blow in from the 
surrounding deserts every year from spring until fall. The only barrier to harnessing this wind 
potentiality on a large scale in Libya is the current lack of wind energy-related infrastructure in 
the country [8]. 
A few decades ago, GECOL began the process of educating Libyan engineers on the 
benefits of incorporating wind farms into their projects. Around the same time, GECOL also 
began a comprehensive program to introduce power from RES. Local engineers were tasked 
with the job of finding the best location for a large-scale (60 MW) wind farm in Libya. The farm 
would be a pilot project to showcase the country’s potential for this type of energy production. 
A group of professional engineers accepted the challenge, and one year later (in 2002) 
had already drawn up a list of promising sites for the pilot project. The engineers focused on the 
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coastal regions, where wind speeds averaged approximately 6-10 m/s (eastern region), 5-9 m/s 
(central region), and 4.5-9 m/s (western region) [8].  
Five years later, in 2007, the wind farm project took another step forward with the 
creation of REAOL (Renewable Energy Authority of Libya). The ambitious target of REAOL 
at the time was for power sourced solely from RE to fulfill one/tenth of Libya’s power demands 
by 2020. Of that one-tenth, 1GW would come specifically from wind. The pilot project finally 
became a reality in 2008 at Dernah, which is located in Libya’s eastern coastal region. The farm 
boasted a 25 MW capacity. By 2009, RCREE, the Regional Centre for Renewable Energy and 
Energy Efficiency, tabled a report suggesting that the 2020 aim of one-tenth RE power was not 
feasible, to which REAOL responded by increasing the wind farm capacity to 60 MW in 2010; 
a plan was also made to add another 60 MW to the farm by 2012. These plans were, however, 
interrupted in 2011 by the revolution in Libya, after which REAOL shifted its focus from a 
specific goal and target date to exploring the potential development of different kinds of RE 
over the next decade [8]. 
1.6 Literature review of mini-grid stability 
Several research studies in the literature have investigated solar PV as an alternative to 
traditional power generation. Solar PV systems function differently than other power systems. 
Through the use of semiconductor solar cells, solar PV changes solar rays first to DC energy 
and then to AC energy by means of a DC-to-AC converter. Because of this conversion process, 
there is no inertia in solar PV, and the inverters’ controls and characteristics determine the solar 
PV’s dynamic behavior. The two main sizes in solar PV systems are large and small scale 
systems. Large-scale systems rate to around 1000 MW and usually connect through transmission 
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sites, whereas small-scale PV systems typically rate no higher than 20 MW and connect either 
at sub-transmission levels or through distribution networks [15]. 
It can be challenging to integrate solar PV into a functioning electricity system as the 
design of most existing networks is not suited to the addition of DG (distributed generation). 
Problems that can arise through forced integration include issues around stability, quality, and 
overall operation. However, because small-scale solar PV has negative loads, neither the 
operation of the system nor its stability is affected. Indeed, system stability (i.e., being able to 
achieve and maintain equilibrium, even when disturbed) is a crucial factor in the overall 
functionality of power systems. 
Figure 1.7 depicts the classification of power system stability. As can be seen in the 
figure, the main elements affected are stabilities related to voltage, frequency and rotor angle. 
- Voltage stability: A power system that can achieve and hold steady voltages across every bus 
in the system even under disturbed conditions is considered to have voltage stability. On the 
other hand, a system which cannot maintain steady voltages is unstable and can result in 
transmission line faults, generator loss, load tripping, and even voltage collapse. Voltage 
disturbances can be either short- or long-term [13]. 
- Frequency stability: A power system that can achieve and hold steady frequency even under 
disturbed conditions such as load and generation imbalances is considered to have frequency 
stability. Conversely, a system that suffers from frequency instability will exhibit features such 
as inadequate generation reserves, insufficient equipment responses and substandard 
functioning in equipment used for protection and control of the system. Frequency stability can 
be either short- or long-term [15]. 
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- Rotor angle stability: An interconnected power system that can achieve and hold synchronicity 
even under disturbed conditions is considered to have rotor angle stability. On the other hand, a 
system lacking in this kind of stability will be out of synch in relation to the other generators in 
the system. Rotor angle instability can be caused by unwanted increases in angular swings in 
one or more generators and, like rotor angle stability, can only be short-term [15].  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7 Power system stability classifications [15] 
 
A number of research studies have examined how PV affects the stability factor in 
energy systems, focusing on how stability is disturbed by high-penetration solar PV. For 
instance, in [15], the researchers show how a three-phase fault can result in transient stability, 
which can lead to the shut-down of inverters or a disconnection of the system. If a disconnection 
occurs, the system’s transient stability is negatively affected. The positioning of the dispatch 
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generator or the level of penetration of the PV generator can also cause transient stability in the 
system [15]. 
Also in [15], researchers looked into power system voltage instability caused by power 
generation. Aspects such as static and dynamic voltage stabilities were analyzed and indicated 
that voltage stability depends in large part on overall design factors as well as how the design is 
implemented and maintained. Moreover, how a PV system affects the stability of 
transmission/distribution systems was shown to be related to issues such as penetration level, 
meteorological conditions, shading, plant model type and plant site latitude [15]. 
In [16], researchers investigated how a distribution system’s dynamic voltage is affected 
by a grid-connected PV generator, looking at factors such as line-tripping, penetration level and 
solar intermittency [16]. By performing DigSILENT simulations on voltage stability, the 
researchers found that heightened levels of PV penetration create better voltage stability in the 
system. An exception to this trend can occur when the load increases beyond 80%, at which 
stage voltage instability results (despite maximum PV penetration) and then ends in voltage 
collapse with the application of line outage. The researchers in [16] suggest that this occurs due 
to the PV generator being removed from the system, causing the PV-connected busbar voltage 
to plunge to the point where it can no longer function [16]. 
In [17], researchers modeled a PV mini-grid as a means to examine the stability of grids 
and to look at possible interactions between centralized diesel power sources and distributed 
PV. The study outcomes indicate only negligible effects on PV mini-grids quality of energy, 
including at extreme penetration levels [17]. 
In [18], researchers performed an analytical study on the Kythnos energy system, testing 
it for insolation disturbances at various penetration levels of PV [18]. The test outcomes showed 
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notable levels of instability during high penetration rates, although in some instances the 
systems were able to function even when nearing operational limits. The researchers also found 
that during cloud movement speeds that were considered slow (< 80 km/hr), back-up generators 
could be initiated to prevent the onset of instability [18]. Sizeable penetrations of PV could also 
be handled with adjustments involving storage systems, inverters, grid management, load 
controllers, or non-critical load disconnection [18]. 
In [19], researchers presented a summary of control methods for achieving voltage and 
frequency stability for PV hybrid mini-grid systems [19]. The section below provides details on 
some of the main classifications: 
 Single-switched master (SSM) mini-grid: This design features several different sources of 
AC (e.g., PV inverters, batteries and a generator) which are mini-grid-connected. This set-
up is popularly applied for small local micro-grid systems [19]. 
 Multi-master inverter-dominated mini-grid: This design features several different AC 
sources as well, and is also mini-grid-connected. It is best applied in situations where there 
are multiple generators distributed across a wider network of power generation [19]. 
 Multi-master rotating machine-dominated mini-grid: This design is most often used in 
diesel-powered mini-grids and, like the mini-grids mentioned above, also uses several 
different types of AC sources, such as PV inverters, diesel generators, etc. This type of 
mini-grid is grid-connected but also supplies energy to the grid [19]. 
In current applications, the equipment used in conjunction with the control technology enables 
SSM systems to function at upper limits of around 200 kilowatts. However, SSM designs could 
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be applied to larger mini-grids if bigger 3-phase bi-directional inverters that could manage and 
dispatch several generators simultaneously were installed [19]. 
Coordinated control technology is needed for combining PV together with RE or non-
RE generation sources [19]. There are two specific types of control technology: the first is 
primary control, which seeks to achieve and maintain the stability of the grid; the second type 
is termed secondary or supervisory control and involves making the best use of the alternative 
sources of generation being used [19]. The present research work focuses on primary control 
approaches for grid stability maintenance. With this strategy, the aim is to maintain frequency 
and voltage within the functional range by balancing both energy consumption and energy 
production using grid-forming units [19]. 
Issues affecting primary control are derived from the core features of PV (i.e., its 
intermittent and fluctuating nature) as well as the ever-changing load profiles that normally 
occur in mini-grids that are situated off the main line (e.g., in villages in remote areas). Because 
of these issues, choosing the optimal control approach involves understanding the design and 
functionality of hybrid mini-grid systems and their components. For instance, energy storage 
components along with secondary controllable loads are useful for helping to balance power. 
Furthermore, designs that feature centralization of components (e.g., storage systems, 
controllable loads and generators) enable faster communication of energy production and usage 
to relevant data centers, thus assisting stability and balance through real-time information 
sharing and timely action in relation to potential imbalance scenarios [19].  
In contrast, and as mentioned briefly above, multi-master inverter-dominated design is 
decentralized. In this type of architecture, numerous sources of generation are based in different 
locations along the mini-grid but work together as one unit. In most cases, power sources in this 
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design use an electronic converter to connect with the grid. There is also an energy storage 
component in this design, but communication between the power sources is slow and thus not 
suitable for primary control purposes. Energy balance among the scattered resources is achieved 
using reactive power vs. voltage droop control and active power vs. frequency control. Other 
power management options in this design include grid frequency signaling, limiting power 
production when there is too much power or turning off dispatchable loads when there is 
insufficient power for customer demand [19]. The multi-master method has received significant 
attention recently, due mainly to its perceived ability to incorporate several mini-grids and 
include different power sources, thus making it less likely to experience single-point failures. 
Despite the theoretical success, these systems have as yet little or no actual field experience 
[19]. 
Overall, any one of the primary control approaches mentioned here can regulate the 
frequency and voltage of mini-grids to satisfy current energy demand. It is therefore up to 
individuals and organizations to choose which approach (centralized vs. decentralized; RES vs. 
diesel; dispatchable loads vs. ESS, etc.) best suits their needs, budget, and location. It is worth 
noting that the control methods mentioned above are best suited to relatively low-power mini-
grids that feature centralized energy production. This is because increases in energy levels, of 
necessity, require an expanded area in which to operate and thus greater dispersion. Additional 
research should be carried out on commercial-grade control systems intended for use in larger 
distributed mini-grids [19]. 
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1.7 Renewable energy system (RES) in Libya 
In Libya, highly reliable stand-alone PV solar energy production has been provided for 
several decades for the purpose of water pumping, cathodic protection, communications and 
rural power supplies. The low cost has made this service even more attractive for users and 
producers alike, particularly in poor and remote regions of the country. Currently in Libya, solar 
PV’s total installed peak power capacity has reached 1.5 MW, but this amount is likely to rise, 
given the excellent performance of the renewable resource and the willingness of the 
government to invest in solar PV technology, especially to supply electricity to remote areas 
[20]. 
In research published in 2007, Nassar and colleagues [21] devised a mathematical 
expression to represent surface cell temperature. This expression was then used to formulate PV 
cell surface temperature. However, such correlations can only be considered broadly general in 
nature, as they refer only to a specific locale, a specific solar radiation and a specific 
temperature, all of which can vary depending on geography and season. Keeping this in mind, 
the following formulation describes surface cell temperature [21]:  
௖ܶ௘௟௟ = ஶܶ + 7.8 ∗ 10ିଶ ܫ 
where I represents solar radiation intensity [Watt/m2] and Tcell refers to ambient air and surface 
cell temperatures [oC], respectively. 
Within the framework of [21], the solar PV system is unsuited to play a key role in power 
production in southern Libya due to problems that arose during the experimentation (i.e., surface 
temperature increases). Instead, the researchers suggest that PV systems are better utilized in 
smaller formats, such as in home systems (islanded systems) or in small remote villages [21]. 
This suggestion does not take into consideration, however, that solar PV panels have improved 
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significantly since the study was performed. Additionally, cooling systems are now being 
designed specifically to combat efficiency losses in solar PV in extreme heat scenarios, such as 
those experienced in Libya. For example, a 50 MW PV energy production project was set up in 
Alkufra using a HIT PV. Early usage outcomes indicate a rise in efficiency rates of around 0.6%, 
with a predicted annual power generation of 114 GWh and an annual decrease in CO2 pollution 
of 76,000 tons. This project is anticipated to take around 2.5 years to pay off [22]. 
According to researchers in [22], Libya is ready – financially, technologically, and 
ideologically – for the installation of these kinds of solar PV energy products on a large scale. 
Such plants [22] would help further diversify the country’s power generation fuel and also 
improve the environment with the increased use of RES. Power generation using this design has 
an annual output of around 114 GWh/year (with no cooling system) or around 119 GWh/year 
(with a cooling system). The mean efficiency of the modules that include a cooling system is 
16.6%, whereas the mean efficiency in modules without a cooling system is 17.2% [22]. 
In [23], researchers analyzed a 50MW PV grid-connected energy producing plant 
located near Al-jagbob in Libya, acknowledged by REAOL for having abundant solar radiation. 
The plant incorporated an ultra-high-efficiency Sanyo HIT solar PV panel rated at 200W. 
REAOL also compiled data on the site’s long-term hourly ambient temperature, mean daily 
wind speed, mean daily global radiation and mean number of daily sunshine hours. The study 
[23] input the data in a Microsoft Excel-VBA program specifically developed by the research 
team to measure cell and sky temperatures, dew point and slope radiation. Also measured with 
the program’s software were panel efficiency and maximum power output in relation to tracking 
mechanisms. 
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The data for the site show total annual power output as 128.5 GWh, with maximum cell 
temperature as 51.8oC (noon in June) and minimum cell temperature as 5.4oC (early morning in 
January). The mean panel efficiency measured 16.5%. Additionally, the tracking system’s 
values for the power production solar capacity factor (SCF) and capacity factor (CF) measured 
70% and 29%, respectively. The plant’s total cost payback timeframe is estimated at 
approximately four years [23]. 
In [24], researchers looked at performance levels of a grid-connected PV system made 
of tandem amorphous silicon thin film modules from fall 2009 to fall 2012. Their findings 
indicate the following:  
 - Mean PV power produced monthly: 3961.24KWh. 
 - Mean performance ratio monthly: 70%. 
Their conclusion was that grid-connected PV systems could easily be integrated within Libya’s 
existing transmission network, given that their test system exhibited an 86% performance ratio 
(extremely high) and mean monthly solar irradiation of 139.01 (kWh/m2/month) [24]. 
Moreover, grid-connected PV systems could also prove invaluable solutions for energy 
production in other Mediterranean nations [24], particularly if amorphous Si thin film modules 
were to be used.  
The literature review of relevant studies on RES power generation using solar PV 
provides an important overview of an ES which is growing in popularity for commercial and 
domestic applications. From its beginnings in the 1970s as stand-alone PV systems supplying 
small-scale loads in remote locations to recent field tests of large-scale projects, solar PV is 
emerging as a viable energy source for larger projects. Despite the success of recent wind power 
sites in Derna and Al-Fatthaih in northern Libya [25], solar power usage has crept ever higher 
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in southern Libya. However, issues with heat and dust [26] have delayed wider implementation 
of the technology, as dust and dirt accumulations in solar panels can substantially lower energy 
output as well as efficiency [26]. Studies show that periodic (monthly) cleaning of the equipment 
is crucial to maintain the components in good working order [26]. 
Libya can benefit from the use of PV systems for energy production now and into the 
future. Currently, Libya mainly uses gas and oil for power production, but these resources are 
nonrenewable, highly polluting and expensive. As load demand rises, relying on fossil fuels will 
become too costly. Solar PV, on the other hand, is renewable, clean, and relatively cheap 
compared to fossil fuels. As more and more districts start to implement PV systems in their 
grids, people will become more aware of this type of RES and how it benefits the country’s 
energy production [13]. 
Mean summer temperatures in Libya’s central and northern areas are usually not as high 
as in the south, and dust is not as much of an issue. At the same time, the level of irradiance is 
lower compared to the south but slightly higher compared to the coast. Unlike the Sahara desert 
regions that dominate the southern portion of Libya, the central and northern sections of the 
nation are characterized by rocky and hilly landscapes. Most of this region is sparsely populated 
and could benefit from electricity provided by solar PV mini-grids either as stand-alone 
infrastructure or as an adjunct to the main grid. 
Bani Walid is a city situated north of the Sahara. The rocky hills that characterize the 
region are a key feature in the relatively isolated town. The 30-meter-high hills perched above 
the deep valley run south to north. Because of this natural barrier between Bani Walid and the 
desert region, there is very little dust, making the area better suited for proper maintenance of 
solar PV modules than the desert. 
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Prior to Libya’s revolution and civil war, electricity supplies were generally satisfactory. 
Outages occurred on average once a month and only for an hour, usually due to maintenance 
requirements or a dust storm.  However, electricity outages after 2011 significantly increased in 
frequency, becoming almost a daily occurrence for several hours at a time. For example, by the 
summer of 2017, outages were not only happening daily but lasting up to seven hours. These 
problems were mainly the result of the increases in demand for power being greater than the 
actual supply. In fact, electricity demand in Libya has grown nearly 10% annually over the past 
decade, even though the infrastructure has been only slightly expanded. As a result, GECOL 
has to prioritize certain areas (e.g., major urban areas and military zones) for supply while 
cutting energy from areas that are less critical to the functioning of the country (e.g., remote 
towns and villages).  
This piecemeal approach to power provision is not a long-term solution, however. The 
ever-increasing demand for electricity needs a more permanent strategy that takes advantage of 
the country’s main renewable natural resources – sun and wind. To that end, Libya could 
develop hybrid power systems to satisfy the growing demand while at the same time maintaining 
the electricity service without interruptions or outages.  
1.8 Research objectives 
The five main research objectives of the present study are as follows: 
1. Propose a hybrid power system for use near Bani Walid Libya to provide reliable 
electricity. 
2. Analyze steady state stability of the Bani Walid power grid using PowerWorld Simulator 
and the real power grid data and loads in Bani Walid, Libya.   
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3. Complete a sizing of the hybrid power system to suit the proposed site at Bani Walid 
and analyze the economic and technological feasibility of the system if battery storage 
were employed. Rescale the design approach to accommodate a range of situations and 
then investigate the effects of these different situations in relation to the system sizing.  
4. Based on the specifications of the proposed hybrid power system, the effects of a hybrid 
grid-connected energy-generating system are determined using ETAP (Electrical 
Transient Analysis Program) to study the effects of having added a large scale PV system 
with energy storage system to a distribution network in Bani Walid.  Various analyses 
are performed (e.g., power flow analysis, contingency analysis, transient stability 
analysis). Further, control of the power flow is proposed and performed in this study to 
improve power flows.  
5. Contribute to the enhancement, increase and refocus of energy production across 
western Libya through the application of hybrid energy-producing systems and by 
exploiting the benefits of local renewable energy systems in cities like Bani Walid. 
1.9 Thesis Organization 
This thesis is divided into 5 chapters, structured as follows: 
Chapter 1 presents the introduction to the mini-grid power system, hybrid mini-grid 
power system and technical and financial issues in general. It also introduces electricity in Libya, 
(e.g., current electricity generation resources, electrical network, loads, and renewable energy 
in Libya). Mainly, photovoltaic and current wind energy are presented. Next, an overview of 
stability of mini-grids which gives a classification of power system stability. The results of 
previous focusing on the PV mini-grid are also presented in this chapter. 
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In chapter 2, steady state analysis of the existing power grid in Bani Walid grid is carried 
out using PowerWorld Simulator and real data of the grid and loads to ensure stability of the 
grid in different scenarios, and a Q-V curve analysis is performed before designing a hybrid 
power system for that grid. Improvement of power flows of the grid is also is presented in 
chapter 2.  
Chapter 3 presents a study of available renewable energy sources in Bani Walid as well 
as the electricity situation in that location and the proposed location for the PV system. The 
proposed hybrid power system is sized using the Homer software tool. Economic analysis and 
technological feasibility of different optimization results are discussed and the design approach 
has been scaled for different cases in chapter 3. 
In chapter 4, an overview of the designed hybrid power system is presented. This 
includes configurations of the PV system and field design of the PV system for cable sizing. 
This hybrid grid-connected power system is analyzed based on the specifications of the 
proposed hybrid power system to study the impact of a large-scale PV system with an energy 
storage system in a distribution network in Bani Walid by using ETAP (Electrical Transient 
Analysis Program). The analysis includes power flows and control of power flows, contingency 
and transient stability analysis. Solutions are also proposed in chapter 4. 
Chapter 5 concludes this thesis by describing the study findings and detailing the major 
contribution of the thesis. Future work is also presented in chapter 5. 
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Chapter 2  
2 Steady-state analysis of power grid in Western Libya using PowerWorld 
 An overview of the selected grid in western Libya is presented in this chapter. Data of 
the power grid and loads have been collected from the General Electricity Company of Libya 
(GECOL). 
 The investigation of steady-state stability on the real grid power system has been carried 
out for the selected grid power system using PowerWorld Simulator. Simulator solves the power 
flow equations using a Newton-Raphson power flow algorithm. 
 PowerWorld Simulator is a power system simulation software which enables easy high 
voltage transmission system modeling. Power flow is a numerical analysis tool to determine the 
voltage magnitude and angle at each bus as well as the active and reactive power flow in each 
power line of a given system. These values are obtained for steady state operation only, and 
depend on the scheduled generation and demand profiles [27].  
 Power flow analysis is performed in two scenarios, at max average loads and at peak 
loads. Q-V Curve analysis determines voltage stability at load buses and the improvement of 
the power flow of the grid. Contingency analysis  is also carried out using PowerWorld 
Simulator to determine system security under contingencies. 
2.1 An overview of Bani Walid power grid 
 The proposed hybrid power system is in Bani Walid, located about 180 km in the 
southeast of Tripoli, as shown in Figure 2.1. The main substations at that location are 220/66 
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kV and 66/11 kV. The transmission lines network in Bani Walid is shown in Figure 2.2. The 
blue lines represent 220 kV lines and red lines represent 66 kV lines.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Bani Walid location 
Figure 2.2 Transmission lines network in Bani Walid 
30 
 
2.2 Power flow analysis at max average loads 
 Simulation results can be seen in Figure.2.3, with voltages and phase angles of each bus, 
as well as the branch loading in percent. Some buses’ voltages are below their permitted limits. 
Bus voltages should be from 0.95 to 1.05 pu, the minimum bus voltage is bus 13 with 0.934 p.u. 
The maximum branch loading of 62% is for transformers between bus 8 and 9. Most of the 
branches are loaded below or around 30%. The total load of the grid is 63MW and the loss of 
the grid is 1.04 MW. Buses voltage, angles, and loads can be seen in Table.2.1. The power flow 
analysis shows no violation of branches loading on the grid. 
 Table 2.1 Buses information at max average load power flow analysis 
 
Bus 
Number Load Name Nom kV PU Volt 
Angle 
(Deg) 
Load 
MW Load Mvar 
3 Bani Walid 11.00 0.976 -2.55 2.00 0.969 
5 Eshmikh 11.00 0.974 -2.76 0.50 0.242 
7 Tininai 11.00 0.974 -2.84 1.50 0.726 
9 Al Soof 11.00 0.945 -5.22 22.00 10.655 
11 Boyot Al Shabab 11.00 0.960 -3.67 2.50 1.211 
13 Khermani 11.00 0.934 -5.90 18.50 8.960 
15 Foguha 11.00 0.948 -4.52 1.00 0.484 
17 Weshtata 11.00 0.946 -4.55 0.50 0.242 
18 Weshtata 11.00 0.946 -4.65 1.00 0.484 
20 Shemalya 11.00 0.940 -5.07 6.50 3.148 
22 Sof Al Jeen 11.00 0.945 -4.97 1.50 0.726 
24 Al Mardom 11.00 0.939 -5.45 4.00 1.937 
26 Saddadah 11.00 0.945 -5.11 1.00 0.484 
28 Gerza 11.00 0.945 -5.32 0.50 0.242 
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Figure 2.3 Power flow analysis at max average load 
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2.3 Power flow analysis at peak loads 
 The peak load of the entire grid was 85 MW in 2015 [11]. Power flow analysis at peak 
load shows that branches between bus 2 and 8 and transformers between bus 8 and 9 are loading 
at 83% and 85% respectively. Branches loading, bus angles, buses voltage, total load and total 
loss can be seen in Figure 2.4. The lowest bus voltage is bus 13 operating at 0.903 pu. Table 2.2 
shows power flow results. Power flow analysis shows most load buses operating under voltage, 
which is under 0.95 p.u. 
Table 2.2 Buses information at peak load power flow analysis 
Bus 
Number Load Name Nom kV PU Volt 
Angle 
(Deg) Load MW Load Mvar 
3 Bani Walid 11.00 0.963 -3.49 2.698 1.307 
5 Eshmikh 11.00 0.961 -3.78 0.675 0.327 
7 Tininai 11.00 0.959 -3.89 2.024 0.980 
9 Al Soof 11.00 0.919 -7.24 29.683 14.376 
11 Boyot Al Shabab 11.00 0.940 -5.05 3.373 1.634 
13 Khermani 11.00 0.903 -8.22 24.960 12.089 
15 Foguha 11.00 0.922 -6.22 1.349 0.653 
17 Weshtata 11.00 0.920 -6.27 0.675 0.327 
18 Weshtata 11.00 0.919 -6.41 1.349 0.653 
20 Shemalya 11.00 0.911 -7.02 8.770 4.247 
22 Sof Al Jeen 11.00 0.916 -6.84 2.024 0.980 
24 Al Mardom 11.00 0.908 -7.53 5.397 2.613 
26 Saddadah 11.00 0.915 -7.02 1.349 0.653 
28 Gerza 11.00 0.914 -7.30 0.675 0.327 
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Figure 2.4 Load flow analysis at peak loads 
34 
 
2.4 Q-V Curve Analysis 
 The Q-V curve method is widely used to investigate voltage instability problems in 
power systems during the post transient period. The knee point or critical point of the 
characteristics corresponds to the voltage where dQ/dV becomes equal to zero. If the knee point 
of the Q-V curve is above the horizontal axis, then the system is reactive power deficient. To 
prevent voltage collapse, additional reactive power sources are needed. Buses have a positive 
V-Q sensitivity if the Q-V curves are below the horizontal axis. There may still what are called 
stiff buses, depending on the nose points of the buses [28]. 
 The Q-V curve analysis is done on the system to study how the variation of reactive 
power affects the voltage in the system; all load buses are monitored to determine bus voltage 
stability. The Q-V curve shows the sensitivity and variation of bus voltages with respect to 
reactive power absorptions or injections. The system is considered voltage stable if V-Q 
sensitivity is positive for every bus and voltage unstable if the V-Q sensitivity is negative for at 
least one bus. All control systems (e.g., generators Var, transformers Taps, …etc) assume that 
increasing Var will increase voltage; therefore, if there is a negative V-Q sensitivity, the control 
systems will behave incorrectly and cause the system to collapse, because they will increase Var 
injection, driving the voltage in the wrong direction. 
 Q-V curves of all load buses can be seen in Figure. 2.5. All buses have positive 
sensitivities. Bus 3 is much stable while bus 28 is less stable. The nose point or critical point 
and the operating point for each bus can be seen in Table 2.3. The column ( Q at VMax ) 
indicates how much Mvar of the shunt capacitor could be connected individually to the 
corresponding bus to achieve 1 p.u voltage.  
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 Table 2.3 Q-V curve information 
 
Bus No Nom kV 
V at 
Q0 Vmax 
Q at 
VMax 
Qinj at 
Vmax 
V at 
Qmin Qmin Vmin 
Q at 
Vmin 
3 11.00 0.98 1.0000 14.31 14.31 0.4958 -139.18 0.1000 -49.86 
5 11.00 0.97 1.0000 4.17 4.17 0.4945 -38.43 0.1000 -13.89 
7 11.00 0.97 1.0000 5.53 5.53 0.4936 -48.98 0.1000 -17.32 
9 11.00 0.94 1.0000 21.90 21.90 0.4946 -84.15 0.1000 -17.66 
11 11.00 0.96 1.0000 9.81 9.81 0.4797 -55.48 0.1000 -19.63 
13 11.00 0.93 1.0000 21.43 21.43 0.4840 -67.09 0.1000 -13.33 
15 11.00 0.95 1.0000 10.30 10.30 0.4778 -43.82 0.1000 -16.04 
17 11.00 0.95 1.0000 6.75 6.75 0.4764 -27.77 0.1000 -10.19 
18 11.00 0.95 1.0000 6.85 6.85 0.4756 -27.62 0.1000 -9.95 
20 11.00 0.94 1.0000 15.32 15.32 0.4802 -54.81 0.1000 -17.44 
22 11.00 0.94 1.0000 12.17 12.17 0.4846 -47.75 0.1000 -17.03 
24 11.00 0.94 1.0000 10.75 10.75 0.4790 -37.54 0.1000 -12.21 
26 11.00 0.95 1.0000 8.74 8.74 0.4751 -34.66 0.1000 -12.46 
28 11.00 0.95 1.0000 3.98 3.98 0.4752 -15.82 0.1000 -5.71 
Figure 2.5 Q-V curve plot of load buses 
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2.5 Improvement of power flow of the power grid 
 Power flow at peak load shows violation of voltages and branches loading. Four 
branches are loaded over 83% and 85%, as shown in Figure 2.4. This percentage loading is 
according to MVA limits of the branches. Controlling of Mvar flows could reduce branch a 
loading and improve bus voltages and power flow. Shunt capacitors are designed appropriately 
to improve power flow of the grid. The Q-V curve information at average load in Table 2.3 
shows that the nominal Mvar of the shunt capacities that could be connected to bus 8 and bus 9 
to achieve maximum voltage 1 p.u are 36.85 Mvar and 21.9 Mvar, while the nominal Mvar 
shunt capacities that could be connected at peak load are 54.12 Mvar and 31.48Mvar. However, 
the maximum voltage 1 p.u could be achieved at the corresponding bus if only one capacitor is 
connected, because they effect on each other if they are connected at the same time. Since the 
main goal is to reduce losses at specific branches and study the effect on the total system losses, 
the shunt capacities adjusted manually after entering the nominal values to achieve a lower loss 
on the overloaded branches and highest voltage at the corresponding buses. The optimal values 
of the shunt capacitors are 34.9 Mvar and 14.7 Mvar, which are connected to bus 8 and bus 9 
respectively. The results show that the shunt capacitor reduced MVA loading of the transmission 
lines between bus 2 and 8 from 83% to 74%, and the loading of transformers between bus 8 and 
9 from 85% to 74%. Bus voltages are also improved. All load buses operated close to the 
nominal value of 1 pu. Total MW losses on the system are reduced from 2.05 MW to 1.62 MW. 
Table 2.4 shows the results before adding a shunt capacitor to buses 8 and 9, and table 2.5 shows 
the results after adding appropriate shunt capacitors 34.9 and 14.7 Mvar to buses 8 and 9 
respectively. Table 2.6 shows voltages and angles at load buses after improvement of power 
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flows at peak loads. Figure 2.6 shows the power flow results after using shunt capacitors at bus 
8 and bus 9. 
Table 2.4 Power flow results before adding shunt capacitor to buses 8 and 9 
 
 
Table 2.5 Power flow results after adding shunt capacitor to buses 8 and 9 
Branch From bus No 
To bus 
No 
Loading 
MW 
(%) 
Loading 
Mvar 
(%) 
Loading 
MVA 
(%) 
Total system 
losses 
(MW) 
Total 
system 
losses 
(Mvar) 
Lines 2 8 74 5 74 
1.62 5.18 
transformers 8 9 74 3 74 
  
 
 
 
 
Branch From bus No 
To bus 
No 
Loading 
MW 
(%) 
Loading 
Mvar 
(%) 
Loading 
MVA 
(%) 
Total system 
losses 
(MW) 
Total 
system 
losses 
(Mvar) 
Lines 2 8 74 39 83 
2.05 9.1 
transformers 8 9 75 41 85 
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Table 2.6 Voltages and angles at load buses after improvement of power flows at peak 
loads 
Bus 
No Name Nom kV PU Volt 
Angle 
(Deg) Load MW Load Mvar 
3 Bani Walid 11.00 0.999 -3.47 2.698 1.307 
5 Eshmikh 11.00 0.997 -3.74 0.675 0.327 
7 Tininai 11.00 0.995 -3.84 2.024 0.980 
9 Al Soof 11.00 0.993 -7.13 29.683 14.376 
11 Boyot Al Shabab 11.00 0.990 -5.13 3.373 1.634 
13 Khermani 11.00 0.955 -7.97 24.960 12.089 
15 Foguha 11.00 0.973 -6.19 1.349 0.653 
17 weshtata 11.00 0.971 -6.24 0.675 0.327 
18 weshtata 11.00 0.970 -6.36 1.349 0.653 
20 Shemalya 11.00 0.963 -6.91 8.770 4.247 
22 Sof Al Jeen 11.00 0.968 -6.75 2.024 0.980 
24 Al Mardom 11.00 0.960 -7.37 5.397 2.613 
26 Saddadah 11.00 0.968 -6.92 1.349 0.653 
28 Gerza 11.00 0.967 -7.17 0.675 0.327 
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Figure 2.6 Load flow analysis at peak loads with using shunt capacitor 
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2.6 Contingency analysis 
 Power systems are operated so that overloads do not occur either in real time or under 
any statistically likely contingency. This is often called maintaining system security, and a 
system that meets this criterion should be secure. Contingency analysis can be automatic or 
manually performed with the PowerWorld Simulator. Contingencies can consist of several 
different actions or elements, including a simple example such as the outage of a single 
transmission line or transformer, or could be more complex, such as outage of several lines, 
several generators, and the closure of a normally open transmission line. 
  The simple contingency analysis N-1 is carried out in the simulation and automatically 
performed for transmission lines and transformers to determine the stability of the grid during 
contingencies.  Six contingencies cause overloading of six branches. Transformers between bus 
8 and 9, and bus 12 and 13 overloaded 127.79% and 106.74 respectively; lines between bus 2 
and 8 overloaded 122.55%. The results show no voltage violations for the system. Ten 
contingencies cause load islanding at buses 5, 11, 15, 17, 18 19, and bus 28. Table 2.7 shows 
the results of contingency analysis. 
Table 2.7 Results of contingency analysis 
 
Actions From bus No. To bus No. Violations Max % Loading Cont. 
Open transformers 8 9 1 127.79 
Open transformers 8 9 1 127.79 
Open line 2 8 1 122.55 
Open line 2 8 1 122.55 
Open transformers 12 13 1 106.74 
Open transformers 12 13 1 106.74 
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2.7 Chapter summary 
 Power flow analysis of the selected power grid is performed in chapter 2 using the 
PowerWorld Simulator in two scenarios, at average max loads and at peak loads, to determine 
the stability of the power grid. The results are presented and described. At max average load, 
the results show no overloading violations. The lowest load bus voltage in the system is for bus 
13 operating at 0.934 pu. At peak loads, two transmission lines between bus 2 and bus 8 are 
overloaded of 83% and two transformers between bus 8 and bus 9 are overloaded 85%. Q-V 
curve analysis is performed for load buses to determine voltage stability of the load buses; the 
results show that all load buses have positive Q-V sensitivities. The compensation of reactive 
power is designed with appropriate parameters to improve voltage stability and reduce total 
system losses. The results show no voltage violations and the system losses are reduced from 
2.05 MW to 1.62 MW at peak loads. 
 Increasing capability of transmission lines can be done by connecting a series capacitors 
but needs high experience because connecting capacitors could cause resonance in the system 
and destroy the generators. 
 The results of the N-1 contingency analysis show six alerts of loading violations. The 
following solutions can be done to make it N-1 secure: 
(a) Replacing the transformers between bus 8 and bus 9 with higher rated MVA. The 100% 
loading is considered as a critical loading in PowerWorld for this simulation. The 
transformers loading should be less than 100% during a contingency. Therefore, the 
minimum capacity for each transformer which assumed to be loaded of 99% during the 
contingency can be calculated as: 
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ܯ݅݊݅݉ݑ݉ ܿܽ݌ܽܿ݅ݐݕ = 127.7999% ∗ 20 ܯܸܣ = 25.816 ܯܸܣ ≈ 26 ܯܸܣ 
Similarly, the minimum capacity for each transformer between bus 12 and bus 13 an be 
calculated as: 
ܯ݅݊݅݉ݑ݉ ܿܽ݌ܽܿ݅ݐݕ = 106.7499% ∗ 20 ܯܸܣ = 21.563 ܯܸܣ ≈ 22 ܯܸܣ 
where the 20 MVA is the rated capacity of previous installed transformer. 
(b) Replacing the transmission lines between bus 2 and bus 8 with higher ampere limit 
transmission lines. The minimum rated loading can be calculated as:  
ܯ݅݊݅݉ݑ݉ ܿܽ݌ܽܿ݅ݐݕ = 122.5599% ∗ 480 ܣ = 594.182 ܣ ≈ 595 ܣ 
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Chapter 3 
3 Sizing of a hybrid power system for Bani Walid, Libya 
3.1 Introduction 
A hybrid power system is an independent grid that merges at least two different types of 
energy for power generation and distributes electricity to consumers. It functions as an 
autonomous entity and can provide almost the same service and quality as a national grid. 
Moreover, with appropriate arrangements, a hybrid power system can, in fact, be connected to 
a national grid [6]. 
Recently, the price of solar panels has dropped by 45% or more, which makes the entire 
system much more affordable [29]. In addition, a study in [30] shows that the installation 
capacity of large-scale PV systems reduces both the amount of generated electricity and 
subsequent CO2 emissions. The amount of total electricity generated and CO2 emission 
reduction by the installation capacity in Liaoning is more than 2.7 times larger than for other 
regions in that study [30]. North Africa has a great potential of solar energy as reported by the 
Solar Atlas. A comparison between measurements and Atlas data in the Algerian south area 
(Ghardaia region) shows the relative error between the annual accumulated global solar 
radiation is only 0.6%, whereas it is about 2% for DNI solar radiation [31]. Both cloud cover 
and the dust accumulation on the surface of the solar module have a great impact on photovoltaic 
solar performance. The effect of cloud cover is immediate, with a drop in global solar irradiance 
and subsequently in power output for a short time, while the effect of dust accumulation has a 
long-term effect [32]. Feasibility and optimal design of a stand-alone photovoltaic energy 
system for an orphanage has been presented in [33]. It shows that the optimal design of a PV 
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with a battery storage system has been carried out, minimizing the net present cost by varying 
the size of the batteries until a configuration that produces the desired power needs of the 
orphanage is achieved.   Selected components and generation sources for a hybrid power system 
will have a real influence on the lifetime of the system and its affordability to end-users. To 
increase cost saving and efficiency, sizing the system appropriately should be the priority [29]. 
This chapter presents the electricity situation in Libya, proposes a large hybrid power system 
and shows that a hybrid power system could be the best solution for that part of the world. 
3.2 Electricity situation in Libya 
In Libya, there are many remote areas and villages with small populations. Even though 
most of these areas are located far away from the central power plants and the national grid, 
99.8% of Libyan people have access to electricity. Due to a high economic growth and greater 
investment in the oil and natural gas sectors, electricity generation has more than doubled from 
2000 to 2010. However, because the growing power demand has been greater than gains in 
installed generation capacity, electricity shortfalls have occurred regularly, even before the civil 
war of 2011 [34]. From 2011 to 2017, power outage has occurred daily for about 3 hours up to 
12 hours due to load shedding, which increases during summer and winter seasons. In some 
remote areas, the power outage lasts more than one day when there is a fault on the grid plus 
load shedding. GECOL schedules load shedding daily to maintain stability of the grid.  
3.3 Electrical Loads in Bani Walid 
Most of the loads in Bani Walid are residential in addition to commercial loads. The 
average load in Bani Walid in 2015 was 35.98 MW. The maximum average load and peak load 
were 47.8 MW and 85MW respectively in August, mainly due to operating a number of air 
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conditioners. Moreover, the insulation systems in homes are inefficient, which leads to operation 
of the air conditioners most of the time. The minimum average load and minimum peak load 
were 26.2 MW and 46 MW in March because of the mild weather in March, as shown in Figure 
3.1. Load data have been collected from GECOL. 
 
 
 
 
 
 
 
 
 
 
 
3.4 Renewable Energy Sources in Bani Walid 
The renewable energy sector in Libya planned a number of projects in the last decade. 
The proposed projects are mainly solar energy and wind energy systems, which are the best 
alternatives for renewable energy in Libya [35]. 
Bani Walid is about 180 km southeast of Tripoli at latitude 31° 45’ E and longitude 13° 
59’ E, as shown in Figure 3.2. The summers are long, arid, sweltering and clear and the winters 
are cold, windy, dry, and mostly clear. During the year, the temperature typically varies from 
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Figure 3.1 Monthly average and peak loads in 2015 in Bani Walid 
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39°F (3.8°C) to 101°F (38.3°C) and is rarely below 33°F (0.6°C) or above 112°F(44°C). Figure 
3.3 shows the average high and low temperature during a year in Bani Walid [36]. Temperature 
has a significant effect on the electrical performance and power generation efficiency of the 
photovoltaic module. Online modelling and calculation for operating temperature of Silicon-
Based PV modules based on BP-ANN has been presented in [37]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Bani Walid location 
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3.4.1 Wind Energy 
The average yearly wind speed at latitude 31.8° N and longitude 14° E is 3.96 m/s and 
the average monthly wind speed is shown in Table 3.1 [38]. The windiest day was usually in 
February with an average speed of 10.3 miles per hour (4.6 m/s.) (as measured at 10 meters 
above the ground). The average hourly wind speed in Bani Walid experiences mild seasonal 
variation during the year, as shown in Figure 3.4 [36]. 
 
Table 3.1 Monthly averaged wind speed at 10 m above the surface of the earth for 
terrain similar to airports (m/s) 
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. 
3.92 4.28 4.22 4.27 4.35 4.2 3.6 3.66 3.69 3.81 3.73 3.78 
 
Figure 3.3 Average high and low temperature in Bani Walid 
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3.4.2 Solar Energy 
According to data from NASA surface meteorology and the Solar Energy Corporation, 
the average insolation incident on a horizontal surface in July is 8.03 kWh/m2/day at latitude 
31.8° N and longitude 14° E  (the selected location for a PV in Bani Walid). This makes Bani 
Walid very good potential place for solar energy production. Table 3.2 shows monthly averaged 
insolation incidence on a horizontal surface (kWh/m2/day) [38].  Figure 3.5 shows the global 
horizontal irradiance in Bani Walid region (GHI) [14]. 
Table 3.2 Monthly averaged insolation incidence on a horizontal surface (kWh/m2/day) 
in Bani Walid at N31.8° E14° 
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. 
2.95 4.10 5.32 6.46 7.19 7.83 8.03 7.24 5.74 4.41 3.19 2.65 
 
Figure 3.4 Average wind speed in Bani Walid 
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Figure 3.5 Global horizontal irradiance in Bani Walid region (GHI) 
 
 
3.5 System Sizing Using Homer 
Evaluation of the technical feasibility and economics of many technology options and 
accountability for variations in technology costs and energy resource availability, could easily 
be carried out using the hybrid optimization model for an electrical renewable (HOMER). A 
power system designer can use HOMER to provide an important overview that compares the 
cost and feasibility of different configurations and evaluates the technical performance of the 
power system [39]. In this study Homer ver 2.68 is used, which is a free software from the 
National Renewable Energy Lab [nrel.gov]. 
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3.5.1 System Input Data 
The system components for the sizing are the photovoltaic system, diesel generator 
sets, and batteries for energy storage.  System input data with costs are shown in Table 3.3. 
Table 3.3 System input data 
PV System 
Size (kW) Capital ($) Replacement ($) O&M ($/yr) 
12 22,473 13,620 150 
Generator 
Size (kW) Capital ($) Replacement ($) O&M ($/hr) 
2,600 2,475,000 1,500,000 52 
Batteries 
Quantity Capital ($) Replacement ($) O&M ($/yr) 
24 53,987 32,719 240 
Converter 
Size (kW) Capital ($) Replacement ($) O&M ($/yr) 
100 31,755 19,246 120 
 
 
The selected PV module is Panasonic HIT VBHN240SJ25, with output power of 240 W, 
solar efficiency of 19%, NOCT of 44°C, and a lifetime of 25 years. Temperature effect is 
considered in the system. The selected battery is Hoppecke 26 OPzS 4700 Ah, 9.4 kWh with 
life cycle 20 years. Solar resources input and location are shown in Figure 3.6. 
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3.5.2 System Block Diagram 
The block diagram of the designed system is shown in Figure 3.7, where the primary load 
is 864 MWh/d, connected to the AC bus. 
 
 
 
 
 
 
 
Figure 3.7 System block diagram in Homer 
Figure 3.6 Solar data resources 
52 
 
3.5.3 Optimized System 
The optimization result shows the first ranking of the system with large scale 76.8 MW PV, 
with all other power sources in the system having levelized cost of energy (COE) of  0.213 
$/kWh and total net present cost (NPC) of  $856,859,008. The highest cost in the last ranking 
of the categorized system is without battery storage with a (COE) of 0.253 $/kWh, as illustrated 
in Figure 3.8. A list of system components is provided in Table 3.4. 
 
 
 
 
 
Table 3.4 Selected system components 
PV 76,800 kW 
Generator sets 62,400 kW 
Inverter 55,000 kW 
Rectifier 55,000 kW 
Batteries 3,360 
 
3.5.4 Economic Optimization Results and Financial Analysis 
Cost summary results of the optimized system are shown in Figure 3.9 and Table 3.5. 
The highest net present cost is from generator sets throughout the lifetime of the system (25 
years); the lowest net present cost is batteries. The total system cost is $856,859,328 with a COE 
of 0.213 $/kWh, while for the case with only generator sets (base case system) the COE is 0.232 
Figure 3.8 Optimization results 
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$/kWh. The comparison of net percent costs indicates the differences in percent worth of 
$78,960,928 between the two cases. Thus, the optimized system saves money over the project 
lifetime in comparison with the base case system, which proves the feasibility of using a 
renewable energy system in this project. The simple payback period is 9.02 years, as illustrated 
in table 3.6. Figure 3.10 demonstrates the cash flow ($) throughout the project lifetime of the 
two cases, while Figure 3.11 shows the cash flow details of the optimized system. 
Table 3.5 Cost summary 
Component Capital ($) Replacement ($) O&M ($) Fuel ($) 
Salvage 
($) Total ($) 
PV 143,827,200 0 12,272,030 0 0 156,099,232 
Generator 1 59,400,000 66,368,568 110,032,224 440,222,464 -5,782,452 670,240,960 
Hoppecke 26 OPzS 
4700 7,558,180 1,428,273 429,521 0 -800,467 8,615,506 
Converter 17,465,250 4,416,880 843,702 0 -822,121 21,903,710 
System 228,250,624 72,213,720 123,577,496 440,222,464 -7,405,040 856,859,328 
 
Table 3.6 Economics comparison between current case system and base case system 
Metric Value 
Present worth $ 78,960,928 
Annual worth $ 6,176,854/yr 
Return on investment 11.6 % 
Internal rate of return 10.8 % 
Simple payback 9.02 yrs 
Metric Value 
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Figure 3.9 Cash flow summary 
Figure 3.10 Comparison of current case system and base case system 
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3.5.5 Electrical and System Simulation Results 
Simulation results show that PV energy production will be 32%, with a penetration of 
40.8%. The excess energy of the system is 21.9% which could be sold to the grid, with 0% 
unmet electrical load, as illustrated in table 3.7.  Table 3.8 shows the expected PV output results. 
Average electric production from the PV modules and the generator sets are high during the 
summer season to meet the load demand, as shown in Figure 3.12. Figure 3.13 shows PV output 
in kW. Maximum PV production is around noon time, the modules have no track system. The 
maximum generator sets’ production is during nighttime in summer and winter, while 
production during daytime is less, because PV system and batteries are supplied plenty of energy 
to the loads, as demonstrated in Figure 3.14. Since the generator sets supply most of the load 
Figure 3.11 Cash flows 
56 
 
during nighttime, inverters work mostly during daytime while rectifiers work mostly during the 
night for charging batteries, as illustrated in Figure 3.15. The batteries state of charge is mostly 
86% to 100%, as illustrated in Figure 3.16. 
 
Table 3.7 Expected electrical output results 
Production kWh/yr % 
PV array 128,497,000 32 
Generator 1 278,850,944 68 
Total 407,347,936 100 
 
Quantity kWh/yr % 
Excess electricity 89,393,936 21.9 
Unmet electric load 35,640 0.0 
Capacity shortage 186,770 0.1 
 
 
 
 
 
 
 
 
 
 
Figure 3.12 Monthly average electric production 
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Table 3.8 Expected PV output results 
Quantity Value Units 
Rated capacity 76,800 kW 
Mean output 14,669 kW 
Mean output 352,047 kWh/d 
Capacity factor 19.1 % 
Total production 128,497,000 kWh/yr 
 
Quantity Value Units 
Minimum output 0 kW 
Maximum output 74,559 kW 
PV penetration 40.8 % 
Hours of operation 4,385 hr/yr 
Levelized cost 0.0950 $/kWh 
 
 
 
 
 
 
 
 
 
 
Figure 3.13 PV output 
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Figure 3.14 Generator sets output 
Figure 3.15 Inverter and rectifier output 
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3.5.6 Sensitivity Analysis 
The results are affected by variable inputs such as solar radiation, increasing loads and 
prices of the components. Therefore, the design approach can be scaled or translated for different 
cases. In this study, the considered sensitivity variables are shown in table 3.9. 
 
Table 3.9 Sensitivity variable inputs 
Diesel price 0% 10% 20% 30% 
Load 0% 10% 20%  
Solar radiation -5% 0% 5%  
 
 
3.5.6.1 Levelized cost of energy (COE) 
The levelized cost of energy (COE) is important for designing a power system. It is 
unreliable to design a power system with a very high COE.  
Figure 3.16 Battery bank state of charge 
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Figure 3.17(a), (b), (c), and (d) demonstrates that the levelized cost of energy (COE) is 
increasing with increasing loads and decreasing irradiance. COE also increases with increasing 
diesel price, while it decreases with decreasing loads and increasing irradiance. 
 
 
 
 
 
 
 
 
Figure 3.17 (a): COE at load sensitivities (0, 10, and 20%) and diesel price 0% 
 
 
 
 
 
 
 
Figure 3.17 (b): COE at load sensitivities (0, 10, and 20%) diesel price 10% 
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Figure 3.17 (c): COE at load sensitivities (0, 10, and 20%) and diesel price 20% 
 
 
 
 
 
 
 
Figure 3.17 (d): COE at load sensitivities (0, 10, and 20%) and diesel price 30% 
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3.5.6.2 Optimal systems 
3.5.6.2.1 Optimal PV system 
The results of optimal PV system for variable sensitivity inputs can be seen in Figure 
3.18(a), (b), (c), and (d). At diesel price sensitivities of 0% and 10%, the PV system capacity 
decreases significantly with decreasing the irradiance -5%.  
With increasing the diesel price to 20% and 30%, the sizing shows that using a PV system 
is reliable at all irradiance sensitivities, the highest capacity of PV is at high loads and low 
irradiance after increasing diesel price to 30%, as shown in Figure.3.18 (d) 
 
 
 
 
 
 
 
 
 
 
Figure 3.18 Optimal PV (a): At load sensitivities (0,10, and 20%) and diesel price 0% 
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Figure 3.18 Optimal PV (b): At load sensitivities (0,10, and 20%) and diesel price 10% 
 
 
 
 
 
 
 
 
 
Figure 3.18 Optimal PV (c): At load sensitivities (0,10, and 20%) and diesel price 20% 
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Figure 3.18 Optimal PV (d): At load sensitivities (0,10, and 20%) and diesel price 30% 
 
3.5.6.2.2 Optimal battery storage 
Sensitivity analysis shows that the hybrid power system is required more batteries at the 
very low capacity of the PV system, as shown in Figure.3.19. The irradiance sensitivities of  0% 
and 5% do not have much effect on battery sizing. At the diesel price sensitivity of 30% it can 
be seen clearly in Figure 3.20(d) that load growth affects battery sizing while irradiance 
sensitivities do not affect battery sizing in such a large power system, due to the high price jump 
of a large battery string.   
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Figure 3.19 Optimal PV and Battery sizing at diesel sensitivity of 0% 
 
 
 
 
 
 
 
 
 
Figure 3.20 Optimal battery (a): At load sensitivities (0,10, and 20%) and diesel price 
0% 
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Figure 3.20 Optimal battery (b): At load sensitivities (0,10, and 20%) and diesel price 
10% 
 
 
 
 
 
 
 
 
Figure 3.20 Optimal battery (c): At load sensitivities (0,10, and 20%) and diesel price 
20% 
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Figure 3.20 Optimal battery (d): At load sensitivities (0,10, and 20%) and diesel price 
30% 
 
3.6 Proposed location 
The proposed location as shown in Figure 3.22 is at latitude 31.8° N and longitude 14° E, 
which is in the north of Bani Walid valley and very close to a distribution station, to avoid losses 
in the transmission lines. In addition, this station is located almost in the center of most loads. 
Thus, overload on the existing transmission lines is avoided, tested using the PowerWorld tool. 
This area is also characterized by high altitude and almost covered by rocks. Therefore, it has 
less dust compared to the southern cities in Libya. The red lines in Figure 3.22 represent the 
existing 66kV transmission lines. 
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Figure 3.21 Proposed location for PV modules 
 
3.7 Conclusion 
The design of any hybrid power system with renewable energy is based on the availability 
of renewable energy sources at that location as well as the prices of components to design a 
feasible hybrid power system with different renewable energy sources. 
Libya has potential solar and wind energy. However, the wind energy in Libya depends 
significantly on the location. The main goal of this study is to investigate the available renewable 
energy sources in Bani Walid and optimize the hybrid grid power system, considering the effect 
of temperature in that area. The design approach is scaled for different cases. Based on this 
study, Bani Walid has a great potential for the use of solar energy, while wind energy is less 
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reliable with a yearly average wind speed of only 3.96 m/s and a maximum monthly average in 
May of a wind speed of 4.35 m/s. The windiest day is in February, with an  average speed of 
4.6 m/s. 
The optimized system shows that the lowest COE ,0.213 $/kWh, is with PV, generator sets, 
and battery storage, while with only generator sets is 0.232 $/kWh. Comparison of these two 
cases shows that the present worth is $78,960,928. The simple payback is 9.02 years with an 
annual worth of $6,176,854. The payback indicates how long it would take to recover the 
difference in investment costs between the optimized system with renewable energy (optimized 
system) and the case with only generator sets (base case system). In addition, the emissions are 
reduced by 29 per cent as compared to the optimized system. 
The optimization results illustrate that using renewable energy in a hybrid power system 
could lower the COE as the prices of renewable energy components have decreased recently. 
Furthermore, it reduces emissions up to 29 percent during the project lifetime. 
The backup batteries play a major role to lower COE; the optimized system shows that the 
system without battery storage has highest COE. 
The designed approach has been scaled for different cases, as the optimization results are 
affected by variable inputs such as solar radiation and increasing loads. From sensitivity 
analysis, it can be concluded that load growth and decreasing irradiance raise the COE. 
Sensitivity analysis shows load growth effect on PV and battery sizing, while irradiance 
sensitivities effect PV sizing but do not significantly affect battery sizing. At a sensitivity of 
diesel price 30%, the irradiance sensitivities do not affect the battery sizing, due to the high 
jump of the large string price in such a large hybrid power system.  
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  This innovative design could be implemented in Libya and in neighboring countries in 
that part of the world to produce renewable energy.   
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Chapter 4 
4 Impact of a large-scale PV system with ESS and generator sets on a distribution 
network in Bani Walid 
4.1 Introduction 
The main objective of this chapter is to analyze the designed hybrid grid connected power 
system and study the impact of a large PV system with a generator and energy storage system 
on the existing power grid in western Libya. Data has been collected from the General Electricity 
Company of Libya including load data, power transformers, transmission lines length, 
conductors and towers’ parameters for that existing grid.   
The analysis includes power flow analysis and the improvement of power flow by using 
control of power flow, contingency analysis, and transient stability analysis of the designed 
hybrid power system, using the Electrical Transient Analysis Program (ETAP).  
An overview of the designed hybrid power system is presented in this chapter. Analysis 
and solutions are also proposed in this chapter. 
4.2 An Overview of the designed hybrid power system 
There is excess energy and a deficit of energy at certain times in any hybrid renewable 
energy system. Any excess energy produced by the hybrid system can be stored. Similarly, when 
the power demand is more than the energy produced by renewable sources, the storage system 
should supply loads with plenty of energy [40]. In this chapter, the hybrid grid-connected power 
system is designed as a stand-alone hybrid power system and can be connected to the central 
grid, so that any excess energy can be absorbed by the utility grid. 
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The components of the system are the PV system, generator sets, and energy storage 
system, which will help to stabilize the grid and provide dispatchable renewable energy in the 
western Libyan power grid. 
All the power sources in this simulation are based on the results from the sizing in 
chapter 3. The rated power of generator sets is 62.4 MW and they are assumed to be operating 
as a voltage control, PV system at their full rated capacity, which is 76.8 MW. The battery bank 
operates as a swing to supply the load if there is not enough power from the other sources. The 
generator set is provided with an auxiliary device, which is a power system stabilizer (PSS) to 
help with system stability. Figure 4.1 below shows a system block diagram. Details are 
explained in the next section. 
 
 
 
 
 
 
Figure 4.1 Block diagram of the designed hybrid power system 
4.2.1 PV Panels 
The irradiance has been calculated by using ETAP at maximum irradiance during the 
day in July 2017 for the PV location at latitude 31.8° N and longitude 14° E. PV input data for 
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the Panasonic VBHN240SJ25 PV module at a base temperature of 25 °C are shown in Figure 
4.2 with a calculated fill factor (FF) of 78.29 %, which is an important value that determines the 
power conversion efficiency of an organic solar cell. FF can be calculated as: 
ܨܨ = ௠ܲ௔௫
ܫௌ஼ ைܸ஼
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … . . … … . (4.1) 
where Pmax is the maximum power generated, ISC is the short circuit current, and VOC is the open 
circuit voltage of the PV panel. FF depicts the “squareness” of the I–V curve while at the same 
time indicating whether or not the effort required to remove photo-generated carriers from a PV 
component could be considered easy or difficult. If the I–V curve is a rectangle, the FF has an 
ideal value of 100%. Here, the module efficiency is expressed as shown in [41]: 
ߟ = ௠ܲ௔௫
௜ܲ௡
= ܫௌ஼  ைܸ஼  ܨܨ
௜ܲ௡
… … … … … … … … … … … … … … … … … … … … … … … (4.2) 
where Pin is the light power incident on the PV panel. 
 
 
 
 
 
Figure 4.2 PV module parameters 
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4.2.2 PV array calculations 
The PV array has been calculated based on the minimum and maximum voltage and 
current of the installed inverter and PV module. The maximum open-circuit voltage and voltage 
at MPPT is at minimum temperature while the minimum voltage is at maximum temperature. 
The voltage range should be at limited values of the installed inverter. Table 4.1 shows the 
specifications of the inverter and Table.4.2 shows the specifications of the PV Module.  
 
Table 4.1 Inverter specifications 
Min. input voltage (Vdc min) 460 V 
Nominal input voltage (Vdc,r) 460 V 
Feed-in start voltage (Vdc start) 475 V 
Max. input voltage (Vdc max) 950 V 
MPP voltage range (Vmpp min - Vmpp max) 460 V- 820 V 
Max. input current (Idc max) 227A 
Max. array short circuit current 340.5 A 
Output Power 100 kW, Max = 100kVA 
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Table 4.2 PV panel specifications 
Temperature (NOCT) [°C] 44         °C 
Temp. coefficient of Pmax [%/°C] -0.29     %/°C 
Temp. coefficient of Voc [V/°C ] -0.131   V/°C 
Temp. coefficient of lsc [mA/°C] 1.76      mA/°C 
Open circuit voltage (Voc) [V] 52.4 V 
Max. power voltage (Vmp) [V] 43.6 V 
 
The temperature variations modify the behaviour of the I-V curve of the photovoltaic 
devices. The voltage decreases and current increases when temperature rises. These variations 
are approximately linear with temperature. 
The output voltage of the solar at temperature T is expressed by [42]: 
௢ܸ௖@் = ௢ܸ௖@ ೝ் ∗ ቆ1 + ߚ ௢ܸ௖ ∗ (ܶ − ௥ܶ)100 ቇ… … … … … … … … … … … … … … … … … … … … . . (4.3) 
௠ܸ௣@் = ௠ܸ௣@ ೝ் ∗ ቆ1 + ߚ ௠ܸ௣ ∗ (ܶ − ௥ܶ)100 ቇ… … … … … … … … … … … … … … … … … … … . . (4.4) 
βVoc and βVmp are respectively the temperature coefficient variation in a percentage of the open 
circuit and maximum power point; Tr is the reference temperature. The maximum and minimum 
voltages of the system can be given by: 
( ௢ܸ௖)@ିସ଴బ஼ = 52.4 ∗ ൤1 + (−0.131) ∗ ൬−40 − 25100 ൰൨ = 56.86 ܸ… … … … … . . … … … … … 4.5 
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( ௢ܸ௖)@ଽ଴బ஼ = 52.4 ∗ ൤1 + (−0.131) ∗ ൬90 − 25100 ൰൨ = 47.94 ܸ… … … … … … … . . . … … . … . .4.6 
( ெܸ௉௉)@ିସ଴బ஼ = 43.6 ∗ ൤1 + (−0.131) ∗ ൬−40 − 25100 ൰൨ = 47.31 ܸ… … … … … . . . … … … . .4.7 
( ெܸ௉௉)@ଽ଴బ஼ = 43.6 ∗ ൤1 + (−0.131) ∗ ൬90 − 25100 ൰൨ = 39.89 ܸ… … … … … … … . … … … … 4.8 
Minimum number of modules per string in series: 
ெܸ௉௉ ௜௡௩௘௥௧௘௥
ெܸ௉௉@వబబ಴ = 46039.89 = 11.53  ≈ 12 modules … … … … … … … … . … … … … . … … … . . … . .4.9 
Maximum number of modules per string in series: 
ெܸ௉௉ ௜௡௩௘௥௧௘௥
௢ܸ௖@ିସ଴బ஼ = 82056.86 = 14.42  ≈ 14 modules … … … … … … … … … … … … … . . . … . . … … 4.10 
The minimum number of strings in the series is 12 strings and the maximum number of 
strings is 14 strings. Since the lowest temperature in Libya throughout a year is above -4 °C, the 
output voltage is less than the voltage at -40 °C. Selected optimum strings in the series are 12 
modules. 
Maximum arrays can be connected in parallel, given as follows: 
ܯ݋݀ݑ݈݁ݏ ݌݁ݎ ݅݊ݒ݁ݎݐ݁ݎ = 100 ܹ݇0.24 ܹ݇ = 416.67 ݉݋݀ݑ݈݁ݏ ≈ 416 ݉݋݀ݑ݈݁ݏ… … . . … … … . .4.11 
The output power of the string should not exceed the maximum power of the installed 
inverter. Maximum strings per module can be connected in parallel as: 
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ܯ݋݀ݑ݈݁ݏ ݌݁ݎ ݅݊ݒ݁ݎݐ݁ݎ
ܯ݋݀ݑ݈݁ݏ ݌݁ݎ ݏݐݎ݅݊݃ݏ = 41612 = 34.67   ≈ 34 strings … … … … … … … … … … . … … … .4.12 
The output power of 35 strings exceeds the maximum power of the installed inverter; 
therefore, the selected strings number 34. and the number of modules per one inverter will be: 
34 ∗ 12 = 408 ݉݋݀ݑ݈݁ݏ… … … … … … … … … … … … … … … … … … … … … … … . . … … … 4.13 
Figure.4.3 shows the configuration of PV arrays. Each each of the 28 inverters is 
connected to a 5MW 0.4/11kV step up transformer. The output of all 5 MW transformers is 
divided into two groups for reliability and connected to two transformers of 50 MW 11/66 kV 
for reliability, as shown in Figure.4.4. 
 
 
 
 
 
 
 
Figure 4.3 Configuration of PV arrays 
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Figure 4.4 Schematic circuit diagram of the 76.8 MW PV power station 
 
4.2.3 Required Area for PV Modules 
A fixed array has been used in this study. Only the sun’s apparent motion across the sky 
needs to be considered to optimize the distance between rows of modules. An adaptive 
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photovoltaic topology to overcome the shading effect in PV systems has been presented in [43].  
To avoid   excessive shadowing, the arrays should be spaced by a distance “d ”, as illustrated in 
Figure 4.5 (a), in relation to the module width “a ” [44] 
݀
ܽ
= cosߚ + sin ߚtan ߝ   … … … … … … … … … … … … … … … … … … … … … … … … … … … … … (4.14) 
 
where ߝ can be calculated by the geographical latitude ∅ and the ecliptic angle ߜ = 23.5◦   
ߝ =  90° − ߜ − ∅  … … … … … … … … … … … … … … … … … … … … … … … … … … … … … (4.15) 
 
 
 
 
 
Figure 4.5 (a): Arrangement of a large number of rows of fixed modules 
 
 
 
 
 
d
ƺ ǳ
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Figure 4.5 (b): Configuration of fixed PV array 
The required area for one PV module (2.88 kW) is 12.995 m2, while the required area 
for one a PV module with land is 24.466 m2. The required area for one PV substation of  2,741.76 
kW, including land, is 24,980.56 m2. 
4.2.4 Cables Sizing 
Based on the NEC (National Electric Code) [210.19 A (1)] FPN number 4 and [215.2 A 
(3)] FPN number 2, the allowable voltage drop for feeders is 3% and the acceptable voltage 
drop for the final sub circuit and branch circuit is 5% for proper and efficient operation. [45].  
It is necessary to maintain the voltage at which it is supplied within certain limits to 
reduce voltage drop and power losses.  
The voltage drop for single-phase and DC circuits can be expressed as: 
஽ܸ = ܫ (2 ܮ ܴ)1000 … … … … … … … … … … … … … … … … … … … … … … … … … … … … . . … … . . (4.16) 
4.746m
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Voltage drop for three phase systems is expressed by: 
஽ܸ = √3 ܫ ܮ ( ܴ)1000 … … … … … … … … … … … … … … … … … … … … … … . . … … … … … … . . (4.17) 
where VD is voltage drop in volt, 
I is wire current in amperes, 
R is wire resistance in ohms (Ω/km), and 
L is wire distance in meters.  
The average calculated distance for PV and inverter is 81m, and the calculated distance 
for 11kV cables to the 66-kV substation using AutoCAD software is shown in Table 4.3.  
However, it is worth noting that voltage drop formulations represent approximate calculations 
only, which means that the outcomes should not be assumed to rigidly adhere to the formulation. 
There are numerous factors that could affect the outcomes, including weather changes, 
temperature spikes and drops, a material’s resistivity, cables, conductors, and so on [45]. 
Sizing cables for this simulation are based on the rated current of the system and cables 
datasheet from the manufacture. ISC of the PV array is 198.9A.  Maximum allowable current 
flow through the cable from the PV array to the inverter is: 
 Icable=(198.9A) (1.25) =248.625 A…………………………………………………………..4.18 
where 1.25 is a factor for security reasons. From ETAP, the maximum current of the 70mm2-
cable is: 
(269 A) Base (92.94%)Derating Factor =250.5 A…………………………….…………………….4.19 
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where 92.94% is the derating factor for that cable. Maximum allowable current flow through 
the cable from the PV station to the step up transformer of 11/66 kV is: 
Icable = [(198.9) (28)]/27.5 = 202.52 A…………………………...…………………..4.20 
(202.52 A) (1.25) = 253.15 A……………………………………..…..……………..4.21 
 
Table 4.3 11kV cables length from PV 11-kVsubstations to the 66-kV PV substation 
Cable No. Length (m) 
Cable 
No. 
Length 
(m) 
1 1659 15 1172 
2 1172 16 1334 
3 1334 17 1496 
4 1496 18 1011 
5 1658 19 1173 
6 685 20 1335 
7 847 21 1497 
8 1009 22 1669 
9 1171 23 1337 
10 1333 24 1499 
11 1495 25 1661 
12 686 26 1823 
13 848 27 1662 
14 1010 28 1824 
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where 28 is the number of inverters connected to the same Bus, 27.5 is the transformer ratio of 
0.4/11 kV, and 1.25 is a factor for security reason. From ETAP, the maximum current of 95 
mm2-cable is: 
(255 A) base (89.22%) = 227.5 A………………………………………….………..4.22 
where 89.22% is the derating factor for that cable. Figure.4.6. shows an overall field design for 
the proposed PV system. 
 
 
 
 
 
 
 
 
 
Figure 4.6 Field design for the proposed PV system 
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4.3 Power Flow Analysis of the designed Hybrid Power System 
The following requirements are needed for successful power system operation 
in the normal balanced three-phase steady state condition: 
- Generation supplies the loads and losses. 
- Generation should operate within specified real and reactive power limits. 
- Transmission lines and transformers should not be overloaded.  
- Bus voltage magnitude should remain close to the rated values [46]. 
The simulation has been done using ETAP software to investigate these requirements and the 
control of power flow is proposed and performed in this study. 
4.3.1 Load flow analysis methods 
Performance equation solutions for computer-aided electrical energy system analysis 
(such as the analysis of load flow) are based on the numerical analysis of algebraic simultaneous 
equation solutions. So, in carrying out an analysis of load flow, input data from the transformer 
and transmission line must be used in order to find the Y-bus admittance. The expression below 
shows how we can formulate a power system network’s nodal equation can be formatted by 
applying the Y bus [47]: 
ܫ = ஻ܻ௨௦ ܸ… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … . … … . . (4.23) 
The nodal equation can be written in a generalized form for an n bus system. 
ܫ௜ = ෍ ௜ܻ௝௡
௝ୀଵ
௝ܸ     ݂݋ݎ ݅ = 1,2,3,݊… … … … … … … … … … … … … … … … … … . . . … … … . (4.24) 
The complex power delivered to bus i is: 
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௜ܲ + ܬܳ௜ = ௜ܸܫ௜∗ … … … … … … … … … … … … … … … … … … … … … … … … … … . . … . . … … . (4.25) 
ܫ௜ = ௜ܲ − ݆ܳ௜
௜ܸ
∗ … … … … … … … … … … … … … … … … … . … … … … … … … … … . . … . . … … … (4.26) 
Substituting for Ii in terms of i & i P Q, the equation yields: 
௜ܲ − ݆ܳ௜
௜ܸ
∗ = ௜ܸ෍ ݕ௜௝௡
௝ୀଵ
−෍ ݕ௜௝
௡
௝ୀଵ
௝ܸ        ݆ ≠ ݅… … … … … . … … … … … … … . . … … . … (4.27) 
The proceeding uses iterative techniques to solve load flow problems.  
With closer investigation of Newton-Raphson and Gauss-Seidel, algorithms in the 
context of power-flow research, several instances where Gaus-Seidel and Jacobi diverge and 
Newton-Raphson converges can be observed. A close study also reveals that the number of 
iterations in the convergence remains independent of the number of buses N in the Newton-
Raphson construct, even as it rises along with N in Gauss-Seidel and Jacobi. Previously, the 
main benefit in using the Gauss-Seidel and Jacobi approaches is that they demand low amounts 
of memory storage and have fewer computations per iteration compared with other methods; 
this benefit, however, has all but vanished with the requirement for solving power-flow 
problems using several thousands of buses and with the radical increases in computer memory. 
Nowadays, it is easier to use the Newton-Raphson, Fast Decoupled and “DC” Power Flow, 
given that the Q-V equation can be completely left out due to the extension of fast coupled 
power flow [46]. 
A comparison between Gauss-Seidel, Newton-Raphson, and Fast-Decoupled iterations 
has been done in [47].  MATLAB was used to perform the test simulations, which were then 
applied to IEEE 9-bus, IEEE 30-bus and IEEE 57-bus cases of Fast Decouple, Newton-Raphson, 
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and Gauss-Seidel. The latter approach took the longest. Specifically, Gauss-Seidel iteration 
times increased in tandem with bus increases (i.e., mathematical progression), while Newton-
Raphson’s rose quadratically and the fast decouple’s rose geometrically. In [47], the findings 
indicate that Gauss-Seidel is likely the best approach for developing a small power system with 
reduced computational complexity, while the Newton-Raphson approach can be considered the 
most efficient and reliable overall, due to its ultra-fast convergence and higher levels of accuracy 
[47]. 
The methods that are used in ETAP software are Adaptive Newton-Raphson, Newton 
Raphson, Fast-Decoupled, and Accelerated Gauss-Seidel.  For the Newton-Raphson and 
adaptive Newton Raphson methods, a few Gauss-Seidel iterations are made first, to establish a 
set of sound initial values for the bus voltages (since convergence of the Newton-Raphson 
Method is highly dependent on the initial bus voltages). 
4.3.1.1 Newton-Raphson Method 
Equation (4.21) is expressed in a polar form, in which j includes bus i: 
ܫ௜ = ෍ ห ௜ܻ௝ห௡
௝ୀଵ
| ௜ܸ | < ߠ௜௝ + ߜ௝ … … … … … … … … … … … … … … … … . . … … … … . … … … . (4.28) 
The real and reactive power at bus i is: 
௜ܲ − ݆ܳ௜ = ௜ܸ∗ܫ௜ … … … … … … … … … … … … … … … … … … … … … … … … … … … . … … … . (4.29) 
Substituting equation (4.25) from Equation (4.26) for Ii: 
௜ܲ − ݆ܳ௜ = | ௜ܸ| < −ߜ௜෍ ห ௜ܻ௝หห ௝ܸห < ߜ௜௝ + ߜ௝ … … … … … . . … … … … … … … … . … … . (4.30)௡
௝ୀଵ
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The real and imaginary parts are separated: 
௜ܲ = ෍ | ௜ܸ|௡
௝ୀଵ
ห ௝ܸหห ௜ܻ௝ห cos൫ߠ௜௝−ߜ௜ + ߜ௝൯… … … … … … … … … … … . . … … . . … … … . . . (4.31) 
ܳ௜ = ෍ | ௜ܸ |௡
௝ୀଵ
ห ௝ܸหห ௜ܻ௝ห sin ൫ߠ௜௝−ߜ௜ + ߜ௝൯… … … … … … … … … … … … … … . … … … . . . (4.32) 
Equations (4.28) and (4.29) constitute a set of non-linear algebraic equations in terms of |V| in 
per unit and δ in radians [47].  
4.3.2 Simulation results of power flow 
Load flow analysis has been carried out in this simulation for power flow analysis using 
ETAP, Adaptive Newton-Raphson, which is effective, most reliable, and widely used for 
solving non-linear equations. 
4.3.2.1 Voltages at Load Buses 
Loads modeling is performed by considering 80% motor loads in addition to 20% static 
loads. Table 4.4 shows the voltages at load buses at max average load and at peak load with 
ETAP alerts for under voltage buses. There are four marginal alerts at average max load, as 
shown in Table 4.4, are bus 9, 11, 13, and 20. The lowest voltage is at load bus 9, operating at 
0.954 pu. Marginal alerts have been set above 0.95 pu and below 0.98 pu, while critical alerts 
have been set below 0.95 pu. ETAP load flow alerts at peak load flow can be clearly seen in 
Table 4.4 with two buses operating under voltage, which are bus 9 and bus 13, operating at 
0.9368 pu and 0.94.91 pu respectively, while bus 5, 7, 11, 15, 17, 18, 20, and bus 24 operate at 
marginal alerts. Bus 3, 26 and bus 28 operate at normal voltage level during peak load. 
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The voltages’ magnitude and power angles on buses can be seen in Figure.4.7. All power 
angles are not too large. The total power loss of the system is 1.433 MW, while at peak load the 
loss is 1.51 MW. 
 
Table 4.4 Load buses voltages at average max load and at peak load 
ID Load name Terminal Bus 
Nominal 
kV 
Voltage% at 
average max 
load 
Voltage % 
at peak 
load 
Lump1 Bani Walid Bus3 11 98.53 98.1 
Lump2 Eshmikh Bus5 11 98.48 97.89 
Lump3 Tininai Bus7 11 98.55 97.97 
Lump4 Al Soof Bus9 11 95.4 93.68 
Lump5 Boyot Al Shabab Bus11 11 97.84 97.09 
Lump6 Khermani Bus13 11 96.36 94.91 
Lump7 Foguha Bus15 11 98.58 97.92 
Lump8 Weshtata Bus17 11 98.43 97.73 
Lump9 Weshtata Bus18 11 98.43 97.73 
Lump10 Shemalya Bus20 11 97.82 96.94 
Lump11 Sof Al Jeen Bus22 11 98.78 98.01 
Lump12 Al Mardom Bus24 11 98.05 96.99 
Lump13 Saddadah Bus26 11 99.12 98.33 
Lump14 Gerza Bus28 11 99.15 98.22 
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Figure 4.7 Power flow analysis of the hybrid power system 
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4.3.2.2 Branches loading and losses 
The marginal alert has been set at 95% while the critical alert has been set at 100%. All 
transformers are loaded under the permitted limit. The maximum loaded transformers are T10 
and T11, loaded at 62 percent at max average load. T10 and T11 also have maximum loading 
at peak load, loaded at 84.2 percent. Total loss of all transformers is 641.299 kW, whereas at 
peak load the total loss is 767.963 kW. 
All transmission lines are loaded below their permitted values. The maximum loaded 
transmission lines are line 6 and line 7, are loaded at 48.7 percent each. Also, at peak load, lines 
6 and 7 have maximum loading with 43.7 percent. Maximum kw losses are founded on 
transmission lines 6 and 7 at both maximum average load and at peak load, with 133.3 kW and 
107.6 kW respectively. The total loss of transmission lines is 353.911 kW while at peak load 
the total loss is 302.333 kW. The reason for decreasing total loss and losses at lines 4,5,6, and 7 
at peak load is that more energy flows to loads and less energy flows to the central grid via line 
4,5,6, and 7. Transmission line load flow and losses at average max load and at peak load are 
shown in table 4.5. All cables are loaded under permitted loading limits; the maximum loading 
of cables at 54.9 percent. 
 
 
 
 
 
91 
 
Table 4.5 Transmission line loading and losses 
Load flow at max average load Load flow at peak load 
ID MW Flow 
Mvar 
Flow 
% 
Loading 
kW 
Losse
s 
kvar 
Losses 
MW 
Flow 
Mvar 
Flow 
% 
Loading 
kW 
Losses 
kvar 
Losses 
Line1 0.938 -1.643 3.5 1.39 -1270.2 1.263 -1.46 3.6 1.69 -1258.8 
Line2 1.055 -1.584 3.5 1.61 -1656.9 1.421 -1.381 3.7 2.25 -1640.5 
Line3 0.439 0.659 1.5 0.142 -1277 0.591 0.731 1.7 0.266 -1264.9 
Line4 14.208 -7.736 29.9 25.05 -72.63 7.312 -9.16 21.8 13.2 -115.3 
Line5 14.208 -7.736 29.9 25.05 -72.63 7.312 -9.16 21.8 13.2 -115.3 
Line6 26.424 -0.998 48.7 133.3 163.1 23.533 0.102 43.7 107.6 70.6 
Line7 26.424 -0.998 48.7 133.3 163.1 23.533 0.102 43.7 107.6 70.6 
Line8 2.481 1.24 4.9 0.604 -135.6 3.338 1.688 6.7 1.12 -132.4 
Line9 4.391 -1.571 8.6 2.39 -185.9 5.911 -0.72 11 3.97 -178.2 
Line10 3.595 -1.965 7.5 8.43 -946.5 4.838 -1.254 9.2 13.51 -916.8 
Line11 6.451 3.255 13.3 8.2 -247 8.677 4.443 18.1 15.17 -218.3 
Line12 1.492 0.735 3.1 1.44 -1106.3 2.009 0.996 4.2 2.73 -1090.4 
Line13 3.394 -1.876 7.1 6.13 -760.2 4.567 -1.206 8.7 9.71 -737.7 
Line14 0.749 -1.729 3.5 1.23 -1113.6 1.008 -1.57 3.5 1.32 -1097.9 
Line15 0.749 -1.729 3.5 1.23 -1113.6 1.008 -1.57 3.5 1.32 -1097.9 
Line16 1.989 0.997 4.1 1.77 -702.2 2.674 1.358 5.6 3.36 -686.3 
Line17 1.989 0.997 4.1 1.77 -702.2 2.674 1.358 5.6 3.36 -686.3 
Line18 0.5 -1.717 3.3 0.875 -1962.8 0.672 -1.601 3.2 0.957 -1933.5 
 
4.3.3 Control of power flow 
There are several different ways to control power flow. Some of these approaches 
include: switching static var systems, shunt reactors and shunt capacitor banks, controlling any 
regulating and tap-changing transformers, and employing excitation/prime mover control over 
generators. Figure 4.8 shows a Thevenin equivalent model depicting a generator in a steady-
state condition, with Vt indicating generator terminal voltage, Eg excitation voltage, ǲ power 
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angle, and Xg positive-sequence synchronous reactance. In this case, the reactive and real powers 
can be expressed as: 
ܲ = ܴ݁ ܵ = ௧ܸܧ௚
௚ܺ
sin ߜ … … … … … … … … … … … … … … … … … … … … … … … … … … … . . (4.33) 
ܳ = ܫ݉ ܵ = ௧ܸ
௚ܺ
( ܧ௚ cos ߜ − ௧ܸ) … … … … … … … … … … … … … … … … . . … … … … … … . . (4.34) 
From Equation (4.33), real power, P, rises to reflect increases in power angle δ can be 
seen. The functional progression proceeds as follows: if there is an increase in power to the 
generator from the prime mover, there is a subsequent increase in rotor speed, even as the 
excitation voltage remains constant. The increase in rotor speed also causes an increase in power 
angle δ, which then leads to a boost of the generator real power output P. 
From Equation (4.34), a reduction of reactive power output Q can be oserved. This 
occurs if δ remains below 15°, in which case the reduction in Q is much smaller than the rise in 
P. Regarding power flow, any rise made in prime-move power is related to rises in P occurring 
at the generator-connected constant-voltage bus. In this case, the slight alteration in Q along 
with the increase in d are tabulated by the power-flow program. 
Also in Equation (4.34), increases in excitation voltage, Eg, leading to rises in reactive 
power output Q can be seen. This occurs because there is a rise in rotor current caused by the 
prime-mover power remaining constant, even as the generator exciter output rises. Rotor current 
increases lead to excitation voltage Eg increases, which then result in a rise in generator reactive 
power output ,Q. It is worth noting that, in (4.33), a slight reduction in δ is needed to retain P as 
a constant [47].  
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In this power-flow formulation, the rise in generator excitation reflects the rise in the 
generator-connected voltage magnitude for the constant-voltage bus. The slight change in δ as 
well as the rise in the generator-supplied reactive power Q are automatically formulated in the 
power-flow program [46]. 
 
Figure 4.8 Generator Thevenin equivalent [46] 
Tap-changing and voltage-magnitude-regulating transformers are used to control bus 
voltages. Therefore, 3-phase regulating transformers (Figure 4.9) can be built along the lines of 
transformers that feature turns-ratios which are off-nominal. In a voltage-magnitude-regulating 
transformer, the adjustable voltages ∆Van, ∆Vbn, and ∆Vcn that exhibit the same magnitudes as 
∆V and are considered to be in-phase like phase voltages Van, Vbn, and Vcn can be inserted 
between buses a–a`, b–b`, and c–c` of the series link. Thus, when designed to be a transformer 
that features an off-nominal turns-ratio, we can write c = (1+ ∆V) can be written for an increase 
in voltage-magnitude in terms of bus abc; however, for the same type of increase in terms of 
bus a`b`c`, c = (1+ ∆V)-1 would be written[46].  
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Figure 4.9 Voltage-magnitude-regulating transformer [46] 
4.3.3.1 On Load Tap Changer (OLTC) 
OLTC can regulate the voltage within tapping range voltage. The number of steps and 
tapping steps, that are used in power transformers in Libya are shown in table 4.6. [11]. 
 
Table 4.6 Number of steps and tapping steps [11] 
Power transformer 
The number of steps 
Tapping Step 
Step up Step down Total steps 
66/11 kV 8 8 17 Rated voltage* 1.25 
 
The variation range of the tapping factor, expressed as a percentage, is compared with 
the value “100”. If this factor ranges from 100 + x to 100 – y, the tapping range is said to be + 
x %, -y % or ± x %, if x = y. 
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4.3.3.2 Control of power flow using automatic voltage-magnitude-regulating 
transformer 
An automatic voltage-magnitude-regulating transformer is used in ETAP to control and 
regulate voltages at load buses. Each transformer that is connected to a load bus performs the 
OLTC function for its connected load bus. The selected number of taps is 17 taps and the upper 
and lower band limits are 0.625% as shown in Figure 4.10. Only T10, T11, T22, and T23 are 
set at 0.625% for the upper band and 1.25% for the lower band, to avoid getting into cycles of 
transformers LTC adjustment in ETAP.  
 
 
 
 
 
 
 
 
 
 
Figure 4.10 Load Tap changer 
 
ETAP calculates number of taps and % step according to the following formula: 
# ݋݂ ܶܽ݌ݏ = 1 + %ܯܽݔ ܶܽ݌ − %ܯ݅݊ ܶܽ݌%ܵݐ݁݌ … … … … … … . . … … … … … … … … … … … (4.35) 
96 
 
% ܵݐ݁݌ = %ܯܽݔ ܶܽ݌ − %ܯ݅݊ ܶܽ݌# ݋݂ ܶܽ݌ݏ − 1 … … … … … … … … … . . … … … … . … … … … … … . . (4.36) 
The rated voltage of the power transformers that used for voltage regulation is 66 kV 
and the tapping range is ±10%. Therefore, the min voltage tap is 59.4 kV and max voltage tap 
is 72.6 kV. The location of OLTC is on the high voltage winding (primary winding) due to the 
higher current flowing through the secondary winding than through the primary winding. 
4.3.3.3 Simulation results 
Simulation results illustrate that voltages are improved at all buses, as shown in Figure 
4.11. The minimum bus voltage is bus 10 with 0.9851 pu and maximum voltage is at load bus 
28 with 1.004 pu. Voltages at load buses clearly can be seen in Table 4.7. The minimum voltage 
is 0.993 pu at bus 24 while the maximum voltage is 1.004 pu at load bus 28. Total power loss 
of the system is reduced to 1.422 MW compared to the base case which was 1.433 MW. 
 Load flow results during peak load shows no voltage violation at all buses. The 
minimum bus voltage is at bus 10 operating at 0.9801 pu. while the maximum bus voltage is 
bus 3, operating at 1.0062 pu. Total power losses were also reduced during peak load to 1.489 
MW, compared to the base case power flow at peak load, which was 1.51 MW. 
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Table 4.7 Regulated voltages at load buses 
 
 
 
 
 
 
 
 
ID Load name Bus ID Nominal kV 
Voltage% at 
average max 
load 
Voltage % at 
peak load 
Lump1 Bani Walid Bus3 11 99.78 100.62 
Lump2 Eshmikh Bus5 11 99.73 100.41 
Lump3 Tininai Bus7 11 99.8 100.49 
Lump4 Al Soof Bus9 11 99.32 99 
Lump5 Boyot Al Shabab Bus11 11 100.36 99.6 
Lump6 Khermani Bus13 11 100.28 100.22 
Lump7 Foguha Bus15 11 99.82 100.44 
Lump8 Weshtata Bus17 11 99.67 98.96 
Lump9 Weshtata Bus18 11 99.67 98.96 
Lump10 Shemalya Bus20 11 100.35 99.46 
Lump11 Sof Al Jeen Bus22 11 100.03 100.52 
Lump12 Al Mardom Bus24 11 99.3 99.51 
Lump13 Saddadah Bus26 11 100.36 99.56 
Lump14 Gerza Bus28 11 100.4 99.46 
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Figure 4.11 Load Flow analysis after automatic voltage regulation 
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Enabling countering in ETAP as shown in Figure 4.12(a) and (b) and Figure 4.13(a) and 
(b), the location of undervoltage buses can be seen clearly on the schematic diagram as well as 
the improved bus voltages with voltage regulation control.  
Figure.4.12(a) shows power flow at maximum average load (base case), while 
Figure.4.12(b) shows the power flow with regulated voltage at load buses. Figure 4.13(a) shows 
power flow at peak load (base case), while Figure 4.13(b) shows the power flow with regulated 
voltage at load buses during peak load.  
 
(a) Power flow at base case                     (b) Power flow with automatic voltage regulator 
Figure 4.12 Power flow at maximum average loads 
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(a) Power flow at base case                      (b) Power flow with automatic voltage regulator 
Figure 4.13 Power flow at peak loads 
4.3.3.4 Branches loading and losses 
ETAP simulation results shows that all transformers operate under the permitted limit. 
Maximum loaded transformers are T10 and T11 with 62.8 % each, also during peak load power 
flow, T10 and T11 have max loading of 85.6% each; Table.4.8 illustrates the total losses of all 
transformers in the system before and after voltage regulation during max average load and 
during peak load power flow. In both cases, total power loss for transformers is reduced to 
633.515 kW at max average load and to 749.718 kW at peak load flow  using the voltage-
magnitude-regulating transformer. 
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All cables and transmission lines are loaded under the permitted limit. Table 4.9 shows 
the transmissions line loading summary report and Table.4.10 shows the cables loading 
summary report at average max load. 
 
Table 4.8 Total losses at transformers for different cases 
 
Total losses at max average load Total losses at peak load 
KW kVA kW kVA 
Base case 641.299 12022.38 767.963 13867.15 
Regulated voltage at load 
buses 633.515 11842.07 749.718 
13487.82 
Reduced loss (%) 1.21% 1.50% 2.38% 2.74% 
Reduced loss (kW, kVA) 7.784 180.31 18.245 379.33 
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Table 4.9 Transmission line loading report after regulating voltages at load buses 
Load flow at max average load Load flow at peak load 
ID MW Flow Mvar Flow % Loading kW Losses MW Flow Mvar Flow 
% 
Loading 
kW 
Losses 
Line1 0.943 -1.64 3.5 1.39 1.276 -1.454 3.6 1.71 
Line2 1.06 -1.581 3.5 1.62 1.435 -1.374 3.7 2.28 
Line3 0.441 0.66 1.5 0.143 0.597 0.734 1.8 0.271 
Line4 13.945 -7.76 29.5 24.38 6.846 -9.179 21.3 12.59 
Line5 13.945 -7.76 29.5 24.38 6.846 -9.179 21.3 12.59 
Line6 26.338 -0.977 48.5 132.5 23.383 0.139 43.4 106.2 
Line7 26.338 -0.977 48.5 132.5 23.383 0.139 43.4 106.2 
Line8 2.506 1.251 5 0.616 3.371 1.702 6.7 1.14 
Line9 4.413 -1.56 8.6 2.41 5.964 -0.694 11.1 4.04 
Line10 3.612 -1.956 7.6 8.48 4.881 -1.234 9.3 13.73 
Line11 6.516 3.282 13.5 8.37 8.763 4.477 18.3 15.47 
Line12 1.499 0.739 3.1 1.46 2.019 1 4.2 2.76 
Line13 3.41 -1.867 7.2 6.17 4.607 -1.186 8.8 9.86 
Line14 0.753 -1.726 3.5 1.23 1.013 -1.567 3.5 1.32 
Line15 0.753 -1.726 3.5 1.23 1.013 -1.567 3.5 1.32 
Line16 1.999 1.001 4.1 1.79 2.701 1.369 5.6 3.43 
Line17 1.999 1.001 4.1 1.79 2.701 1.369 5.6 3.43 
Line18 0.502 -1.715 3.3 0.876 0.675 -1.598 3.2 0.96 
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Table 4.10 Cables loading report at average max load after regulating voltages at load 
buses 
ID Allowable current 
MW 
Flow 
Mvar 
Flow 
% 
Loading 
% 
Voltage Drop 
kW 
Losses 
Kvar 
Losses 
Cable1 227.5 A 2.354 -0.0787 54.3 1.09 26.07 8.74 
Cable2 227.5 A 2.353 0.0325 54.6 0.57 13.44 5.91 
Cable3 227.5 A 2.353 -0.0181 54.5 0.64 15.27 6.71 
Cable4 227.5 A 2.353 -0.0677 54.5 0.71 17.12 7.52 
Cable5 227.5 A 2.353 -0.0792 54.5 0.79 18.95 8.33 
Cable6 227.5 A 2.353 0.191 54.9 0.34 7.94 3.49 
Cable7 227.5 A 2.353 0.137 54.7 0.42 9.77 4.3 
Cable8 227.5 A 2.353 0.0845 54.7 0.5 11.6 5.1 
Cable9 227.5 A 2.353 0.0329 54.6 0.57 13.43 5.9 
Cable10 227.5 A 2.353 -0.0178 54.5 0.64 15.26 6.71 
Cable11 227.5 A 2.353 -0.0674 54.5 0.71 17.11 7.52 
Cable12 227.5 A 2.353 0.19 54.9 0.35 7.95 3.5 
Cable13 227.5 A 2.353 0.137 54.7 0.42 9.78 4.3 
Cable14 227.5 A 2.353 0.0842 54.6 0.5 11.61 5.1 
Cable15 227.5 A 2.353 0.0325 54.6 0.57 13.44 5.91 
Cable16 227.5 A 2.353 -0.0181 54.5 0.64 15.27 6.71 
Cable17 227.5 A 2.353 -0.0677 54.5 0.71 17.12 7.52 
Cable18 227.5 A 2.353 0.0838 54.6 0.5 11.62 5.11 
Cable19 227.5 A 2.353 0.0322 54.6 0.57 13.45 5.91 
Cable20 227.5 A 2.353 -0.0184 54.5 0.64 15.29 6.72 
Cable21 227.5 A 2.353 -0.068 54.5 0.71 17.13 7.53 
Cable22 227.5 A 2.353 -0.0792 54.5 0.79 19.07 8.38 
Cable23 227.5 A 2.353 -0.019 54.5 0.64 15.31 6.73 
Cable24 227.5 A 2.353 -0.0686 54.5 0.72 17.15 7.54 
Cable25 227.5 A 2.353 -0.0792 54.5 0.79 18.98 8.34 
Cable26 227.5 A 2.353 -0.0791 54.4 0.87 20.8 9.14 
Cable27 227.5 A 2.353 -0.0792 54.5 0.79 18.99 8.35 
Cable28 227.5 A 2.354 -0.0785 54.3 1.2 28.6 9.59 
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4.4 Contingency Analysis 
Contingency analysis plays a major role in a power grid stability. A significant change in 
power flow could lead to an unstable power grid system and system collapse. The main reason 
for the blackout in the western Libyan power grid system on July 14, 2017 was a change in 
power flows, because a single branch was tripped. According to the GECOL report, the 
cascading trip at that grid occurred due to tripping a single branch. There were three branches 
connecting two zones in the western Libyan power grid; one of them had already been out of 
service for a while. Another branch was tripped because of a fault on a Current Transformer 
(CT) on the branch on phase R. As a result, only one branch lasted connecting the two zones 
which tripped as well due to overloading, causing a cascading trip, due to a significant change 
in power flow in the western network, which ended with a blackout in the western Libyan power 
grid system [11].  
To evaluate the security of the grid based on the ability of the grid to resist failures, 
contingency analysis has been done on the designed hybrid power system. In security of the grid 
is essentially voltage violation on the system and over-loading branches, which includes 
transmission lines, cables, and transformers when there is a failure in the system. 
The basic methodology used for contingency analysis is by disabling a specific part of the 
system which called (N-1) or two parts at the same time which called (N-2), typically performed 
on transmission lines and transformers to evaluate power grid stability by using a power flow 
calculation. The contingency analysis (N-1) is used in this study which is generally used 
specially for large power grid because (N-2) takes very long time for simulation and very high 
capacity of memory for a large power grid. (N-2) is usually used for some restricted power grids.  
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4.4.1 Contingency analysis results 
Contingency analysis shows four alerts of overloading violations which include 
transformers T10, T11, T13 and T14, as shown in Table.4.11. The alerts are based on equipment 
rating. Xfmr is the total number of transformer loading violations. The outage of T10 causes 
one violation which is 130% overloading of T11 and the outage of T 13 causes 108% 
overloading of T14. The outage of single transmission line does not cause any loading violation. 
The critical loading violations has been set to 100% and bus voltage violation has been set to 
1.05 pu for overvoltage and 0.95 pu for under voltage. 
Table 4.11 Loading Violations 
N-1 
No. of 
Loading 
Violations 
Post Contingency Violations 
N. of 
Contingency ID Type Xfmr ID Condition 
Rating 
/limit 
Post 
Contingency 
(%) 
% 
Violation Type 
9 T10 Transformer 1 T11 Overloaded 20 MVA 130.08% 30.08% Critical 
10 T11 Transformer 1 T10 Overloaded 20 MVA 130.08% 30.08% Critical 
12 T13 Transformer 1 T14 Overloaded 20 MVA 108.33% 8.33% Critical 
13 T14 Transformer 1 T13 Overloaded 20 MVA 108.33% 8.33% Critical 
 
Table 4.12. shows the critical voltage violations. It can clearly be seen that four transmission 
lines and six transformers cause voltage violation in the system as illustrated. Line 12 cause 3 
under voltage buses violations as shown in Table 4.11. The post contingency analysis goes to 0.  
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Ten contingencies cause outage at the customer load, six transforms and 4 transmission 
lines. Line 12 causes two power outages as shown in Table 4.13.  
Table 4.12 Voltage Violations 
N-1 
No. of 
Under 
voltage 
buses 
Post Contingency Violations 
N. of 
Contingency ID Type Critical ID Condition 
Rating 
/limit 
(kV) 
Post 
Contingency 
(%) 
% 
Violation Type 
12 Line12 Line 3 
Bus16 Undervoltage 66 0 95 Critical 
Bus17 Undervoltage 11 0 95 Critical 
Bus18 Undervoltage 11 0 95 Critical 
8 Line8 Line 2 
Bus10 Undervoltage 66 0 95 Critical 
Bus11 Undervoltage 11 0 95 Critical 
11 Line11 Line 2 
Bus19 Undervoltage 66 0 95 Critical 
Bus20 Undervoltage 11 0 95 Critical 
18 Line18 Line 2 
Bus27 Undervoltage 66 0 95 Critical 
Bus28 Undervoltage 11 0 95 Critical 
24 T7 Transformer 1 Bus5 Undervoltage 11 0 95 Critical 
29 T12 Transformer 1 Bus11 Undervoltage 11 0 95 Critical 
32 T15 Transformer 1 Bus15 Undervoltage 11 0 95 Critical 
33 T16 Transformer 1 Bus17 Undervoltage 11 0 95 Critical 
34 T17 Transformer 1 Bus18 Undervoltage 11 0 95 Critical 
43 T26 Transformer 1 Bus28 Undervoltage 11 0 95 Critical 
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Table 4.13 Losses during contingency analysis 
N-1 Losses 
N. of Contingency ID Type Generation (MW) Load (MW) No. of Customer 
12 Line12 Line 0.00 1.50 2 
8 Line8 Line 0.00 2.49 1 
11 Line11 Line 0.00 6.50 1 
18 Line18 Line 0.00 0.52 1 
24 T7 Transformer 0.00 0.50 1 
29 T12 Transformer 0.00 2.49 1 
32 T15 Transformer 0.00 0.99 1 
33 T16 Transformer 0.00 0.50 1 
34 T17 Transformer 0.00 0.99 1 
43 T26 Transformer 0.00 0.50 1 
27 T10 Transformer 0.00 0.00 0 
28 T11 Transformer 0.00 0.00 0 
30 T13 Transformer 0.00 0.01 0 
31 T14 Transformer 0.00 0.01 0 
35 T18 Transformer 0.00 0.02 0 
36 T19 Transformer 0.00 0.02 0 
 
Performance index is ranked by the voltage security index. The index number indicates the 
severity of the outage. From Table 4.14, it can be clearly seen that contingencies of line 12, 18, 
8 and 11, and transformers T7, T12, T15, T16, T17 and T26 have a significant impact on voltage 
security due to the deenergization of some load buses. The outage of line 12 has the highest 
impact on the voltage security with a value of 12.13 due to two load buses being deenergizeed. 
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Table 4.14 Performance index 
N-1 Losses 
N. of Contingency ID Type V/Vsp ∋P ∋Q 
12 Line12 Line 12.13 0.03 0.03 
18 Line18 Line 8.10 0.02 0.08 
8 Line8  Line 8.09 0.02 0.03 
11 Line11 Line 8.09 0.03 0.21 
24 T7 Transformer 4.05 0.01 0.01 
33 T16 Transformer 4.05 0.01 0.01 
32 T15 Transformer 4.05 0.01 0.01 
43 T26 Transformer 4.05 0.02 0.01 
34 T17 Transformer 4.05 0.01 0.02 
29 T12 Transformer 4.05 0.02 0.03 
27 T10 Transformer 0.01 0.02 0.05 
28 T11 Transformer 0.01 0.02 0.05 
35 T18 Transformer 0.01 0.02 0.02 
36 T19 Transformer 0.01 0.02 0.02 
30 T13 Transformer 0.01 0.02 0.04 
31 T14 Transformer 0.01 0.02 0.04 
 
 
4.5 Transient stability analysis of the designed hybrid power system 
The concept of power system stability is adequately defined in [46] as a “synchronous 
machine’s ability to shift from one steady-state operating point following a disturbance to 
another steady-state operating point, without losing synchronism”. 
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In general, power systems are rigorously nonlinear systems which must hold their 
functionality (i.e., stability) despite an ever-shifting operational environment. This environment 
includes disturbed conditions caused by constantly changing factors such as operating 
parameters, generator outputs and loads. A power system’s stability essentially is derived from 
the system’s movements in relation to the specific equilibrium set of initial operating conditions. 
However, power systems can encounter any number or magnitude of stability 
disturbances. Load changes are an example of minor disturbances which occur on an almost 
constant basis and to which a system must respond appropriately and in a timely fashion to 
maintain system stability. At the same time, a power system must also be prepared to deal with 
major disturbances (e.g., generator loss or a transmission line short-circuit), again responding 
appropriately and quickly. Larger disturbances often result in the necessity to make structural 
changes as a means to isolate the component(s) causing the disturbance or damaged by it.  
In equilibrium sets, power systems can be represented as stable during a sizeable 
disturbance but unstable during another type of disruption. In other words, it is next to 
impossible to develop systems which are universally stable, so designs must instead include 
contingencies with high occurrence probabilities to deal with specific problems. Hence, a stable 
equilibrium set must, of necessity (i.e., if it is to be successful within its operational milieu), 
include a finite region of attraction. Thus, as the size of the region expands, the system likewise 
retains its robustness in the face of disruptions. 
It is worth noting that in this scenario, the power system’s operational conditions can 
determine how and when the region of attraction must be adjusted or altered. This is because a 
system’s reaction to disruption could include equipment malfunctions or even shutdowns. So, 
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for example, a fault could lead to isolation of that specific element, which in turn could cause 
changes to machine rotor speed, network bus voltages, or power flows. Similarly, changes or 
other disruptions to frequency or voltage can have an impact on system loads, while protective 
elements could react to changes by tripping certain components as a safety measure. All of these 
responses to disturbances can cause system instability which thus weakens the system’s overall 
performance [48]. 
In instances of fault occurrence, the generator’s rotor angles start vibrating until 
(depending on the configuration of the system) they either diverge or converge. These kinds of 
oscillations can be curtailed through applying damping procedures. Equipment which has been 
appropriately damped can easily return to synchronism once the disruption has been cleared 
from the system. On the other hand, equipment and machinery that are poorly damped are 
continuously unstable and suffer constant divergence of rotor angles. Even after the fault has 
been dealt with, improper damping causes constant increases in speed and thus constant 
instability of the system [49]. 
Transient stability takes into consideration the degree of disturbance as well as the 
system’s initial operational parameters [50]. 
Power flow analysis was performed on the system using ETAP. The analysis focused on 
restricting the bus voltages to keep them close to the nominal values and ensuring that the 
branches and power equipment were not overloaded and the phase angles not too large.  
In this study, the transient stability analysis involves major disturbances such as loss of 
generation, faults with loss of generation, and faults with load loss. 
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A power system stabilizer (PSS) has been used in the hybrid grid-connected power 
system. Transient stability analysis is performed on the system, and the effects of PSS 
performance and an automatic voltage-magnitude-regulating transformer during transient 
stability are investigated.  
4.5.1 Control methods 
  All machines use the Woodward UG-8 governor and IEEE Type AC4 exciter system, 
as shown in Figures 4.14 and 4.15. The Woodward UG-8 governor is used mainly for diesel 
generators. This model includes a representation for a ball head filter, amplifier/compensator. 
The parameters of the governor and the exciter are shown in the appendix A and B respectively. 
Figure 4.14 Woodward UG-8 (UG-8) 
Figure 4.15 IEEE Type AC4 - High-Initial-Response Alternator-Supplied Controlled 
Rectifier Exciter (AC4) 
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A power system stabilizer (PSS) is an auxiliary device installed on the synchronous 
generator and tuned to help with system stability. Figure 4.16 shows the power system stabilizer 
IEEE standard Type 1 PSS (PSS1A). The stabilizer output, VST, is an input to the supplementary 
discontinuous control models. Where the discontinuous control models are not used, VS = VST 
[51]. The parameters of the (PSS) are shown in the appendix C. 
 
 
 
 
 
 
 
Figure 4.16 IEEE Type 1 PSS (PSS1A) 
4.5.2 Simulation results 
A trip of the central grid, trip of the PV system, and a three-phase short circuit isolating 
a generation and a load are simulated for stability studies of the hybrid power system as well as 
the performance of the PSS and an automatic voltage-magnitude-regulating transformer on the 
system during transient stability is performed. The utility grid is connected to bus 2 through 
220/66kV transformers. The PV system, Generator sets, and energy storage system are 
connected to bus 12 as shown in Figure 4.11. 
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4.5.2.1 Trip of utility grid 
In this case, the disturbance is loss of central generation by opening circuit breaker 1 and 
2 after 0.2 second. The grid therefore will switch to island mode. After the circuit breakers were 
opened, the voltage in the system increased, since the main grid was absorbing energy from the 
hybrid power system. The voltage level was restored by the exciter as shown in Figure 4.17 (a). 
The rotor angle of Gen 1 (Gen sets group 1) and Gen 13 (Gen sets group 2) converge at a stable 
value, as shown in Figure 4.17 (b). 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17 Trip of utility grid, (a) Bus 2 and Bus12 voltage (%) 
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Figure 4.17 Trip of utility grid, (b) Generators absolute power angle 
4.5.2.2  Trip of PV system 
A trip of the PV system by opening circuit breakers 68 and 69 shows that the system is 
stable,  as shown in Figure 4.18 (a) and (b).  The rotor angle  oscillated  and  recovered  around   
 
 
 
 
 
 
 
Figure 4.18 Trip of PV system, (a) Generators absolute power angle 
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 a new equilibrium state, as shown in Figure 4.18 (a). The voltage dropped slightly and returned 
to the nominal value, as illustrated in Figure 4.18 (b).  
 
 
 
 
 
 
 
 
 
 
Figure 4.18 Trip of PV system, (b) Bus 2 and Bus12 voltage (%) 
4.5.2.3 Three phase short circuit at Bus 1 results in tripping the utility grid 
Transient stability depends on many factors, such as the initial operating condition 
before the disturbance and the severity of the disturbance. In this case study, the disturbance is 
a three-phase fault occurring on bus 1 and clearing after 0.15 second by opening circuit breakers 
1, 2, 3, 4 and 5, which isolates the hybrid power system from the utility grid and switches it to 
island mode. 
Figure 4.19 (a) illustrates that the rotor angle recovered around a new equilibrium state 
and the voltages dropped significantly and settled very close to the nominal value after 
oscillation, as shown in Figure 4.19 (b). 
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Figure 4.19 Three phase short circuit at Bus 1, (a) Generators absolute power angle  
 
 
 
 
 
 
 
 
Figure 4.19 Three phase short circuit at Bus 1, (b) Bus 2 and Bus12 voltage (%) 
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4.5.2.4 Three phase short circuit at Bus 29 results in tripping the PV system 
Tripping the PV system after a three-phase fault occurs on bus 29 shows that the system 
is stable. Figure 4.20 (a) shows the rotor angle of generators settled on a new angle and Figure 
4.20 (b) shows voltages plot at bus 2 and bus 12. 
 In this case, frequency oscillated slightly and recovered to the nominal value due to the severe 
disturbance and its location. The fault resulted in isolating a large power source, which is the 
PV system. Figure 4.20 (c) shows the frequency plot at bus 2 and bus 12. 
 
 
 
 
 
 
 
 
Figure 4.20 Three phase short circuit at Bus 29, (a) Generators’ absolute power angle 
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Figure 4.20 Three phase short circuit at Bus 29, (b) Bus 2 and Bus12 voltage (%) 
 
 
 
 
 
 
 
 
Figure 4.20 Three phase short circuit at Bus 29, (c) Bus 2 and Bus12 frequency (%) 
119 
 
4.5.2.5 Three phase short circuit at line 11 results in tripping the load No 10 (7.222 
MVA) 
The system is also stable after tripping  load No 10 (7.222 MVA) after a fault on line 11. 
Rotor angle and voltage plot are shown in Figure 4.21 (a) and (b). 
 
 
 
 
 
 
Figure 4.21 Three phase short circuit at line 11, (a) Generators’ absolute power angle 
 
 
 
 
 
 
Figure 4.21 Three phase short circuit at Bus 29, (b) Bus 2 and Bus12 voltage (%) 
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4.5.2.6 Power system stabilizer (PSS) performance during transient stability on the 
             designed connected hybrid power system 
The (PSS) type PSS1A is employed in this hybrid power system to help with system stability. 
The difference between the system case with (PSS) and the system case without (PSS) can be 
clearly seen in Figure 4.22, which shows the rotor angle after a three-phase fault on bus 29 in 
both cases. 
It can be clearly seen that PSS can quickly damp and improve the oscillation during 
transient stability. 
 
 
 
 
 
 
 
 
 
Figure 4.22 Generators’ absolute power angle with and without PSS after three 
phase short circuit at Bus 29 
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4.5.2.7 The performance of automatic voltage-magnitude-regulating transformer on the  
              system during transient stability 
In case study 4.5.2.1 which is a trip of utility grid, the nominal voltage at bus 2 before 
the disturbance occurs was 0.987051 pu. The peak voltage at bus 2 after the disturbance was 
1.11393 pu at 0.561 second and decreased to 1.03196 pu at 10 seconds. However, the nominal 
voltage at load bus 3 before the disturbance occurred was 0.997758 pu. The peak voltage at bus 
3 after the disturbance was 1.12636 pu. and decreased to 1.00501 pu at 10 seconds. The voltage 
decreased to closer to the nominal value than bus 2 and also closer to the nominal value at bus 
3 without using the automatic voltage-magnitude-regulating transformer, as illustrated in figure 
4.23. (a) and (b). (a) shows voltage at bus 2 and load bus 3 with the automatic voltage-
magnitude-regulating transformer and (b) shows voltage at bus 2 and load bus 3 without the 
automatic voltage-magnitude-regulating transformer. Figure 4.24 shows the voltage plot at all 
load buses. 
 
 
 
 
 
Figure 4.23 (a) Voltages at bus 2 and load bus 3 with automatic voltage-
magnitude-regulating transformer  
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Figure 4.23 (b) Voltages at bus 2 and load bus 3 without automatic voltage-magnitude-
regulating transformer 
 
 
 
 
 
 
 
 
Figure 4.24 Voltage plot at all load buses after trip of utility grid 
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The automatic voltage-magnitude-regulating transformer helped to restore the voltage 
level to close to the nominal value during transient stability. 
4.6 Conclusion 
In this chapter, a hybrid grid connected power system with diesel generator, energy storage, 
and a large-scale PV system is designed at the proposed location in western Libya and connected 
to the power grid. Data have been collected for simulation to study the stability and impact of 
the designed hybrid power system, which has been sized as reported in chapter 3, into the 
existing distribution network in western Libya. However, this hybrid system is classified as an 
isolated network and can be hybrid grid connected. 
From the simulation results, can be clearly seen that the rejection of the PV system does not 
have any negative impact on the system, since the load can be supplied by generator sets and an 
energy storage system. Also, rejection of the utility grid does not have any negative impact on 
the system, since the other power sources of the hybrid power system can produce plenty of 
energy to supply the loads. 
Short circuit analysis was performed to study transient stability of the system. The objective 
of a transient stability study is to determine whether or not the machines will return to 
synchronous frequency with new steady-state power angles. The system frequency was 
stabilized by the generator governor and the exciter of the generator sets was able to restore 
voltage level. PSS can damp the rotor oscillation quickly. Using an automatic voltage-
magnitude-regulating transformer can help to restore the voltage level to close to the nominal 
value during transient stability and improve power flow in the hybrid power grid. 
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Chapter 5 
5 Conclusion and Future Work 
5.1 Conclusion 
 This thesis proposed and designed a hybrid power system with energy storage on a real 
power grid with real grid data and loads in the western Libyan grid power system and improved 
its stability. The power sources of the hybrid power system are the PV system, ESS, and 
generator sets. 
 The study presented a steady-state stability analysis of the grid to ensure the stability of 
the grid before designing the hybrid power system. Reactive power has a major role in voltage 
stability. Q-V curve analysis is performed for monitoring voltage stability of load buses. This 
study is important for planning and designing a power system; the controllers in the system 
could behave incorrectly and cause the system to collapse if one bus in the system has negative 
Q-V sensitivities. The results show that all load buses are stable in the system. The designed 
shunt capacitor improved the voltage magnitude at all buses in the system and also reduced total 
MW and Mvar losses in the system. It reduced MVA loading on the transmission lines and 
transformers that are connected to the controlled buses which are bus 8 and bus 9. The 
transmission lines are between bus 2 and bus 8, and the transformers are connected to bus 9. 
 Designing a hybrid power system at a specific location requires a complete study of the 
available renewable energy sources at that location to design a suitable hybrid power system. 
Libya has a great potential of solar energy and wind energy; these resources vary from city to 
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city in Libya as Libya has a vast area. Wind speed in Bani Walid is not high enough. Therefore, 
designing wind turbines for a large power system is not feasible in that area.  
The hybrid power system has been sized using Homer software for the best system 
optimization, with considering the temperature at the proposed location. The optimized system 
shows a large PV scale in that area. The results also include an important overview, different 
configurations and an evaluation of the performance of the power system. The results show that 
the COE is reduced to the lowest value using battery storage in the system, while using the other 
power sources without battery storage gives the highest COE. A comparison of using only 
generator sets and including renewable energy in the system has been done in chapter 3. The 
simple payback period is 9.02 years. This proves that including renewable energy in the system 
is feasible. The results also illustrate that the emissions are reduced 29% with using renewable 
energy in the system.  
The designed approach has been scaled for different cases, as the optimization results are 
affected by variable inputs such as solar radiation, increasing loads and diesel price. It can be 
concluded that load growth and decreasing irradiance raise the COE. The PV and battery sizing 
are affected by the load growth. The irradiance sensitivities of -5%, 0%, 5% do not significantly 
affect battery sizing and have no effect on battery sizing at a diesel price sensitivity of 30% due 
to a high jump of the string price in such a large hybrid power system. 
As renewable energy prices are decreasing and efficiency is improving every year, the 
results of the system optimization could be better, and the COE could be less in the future. 
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The configuration of the PV system has been done as well as the field design of the 
proposed PV system using AutoCAD software to calculate the required area for the PV system 
and cables’ length. Cables’ length is needed in ETAP software.  
The designed hybrid power system is classified as an isolated network and can be grid 
connected to a hybrid power system. It has been analyzed using the Electrical Transient Analysis 
Program (ETAP) to study the impact of a large-scale PV system with battery storage and 
generator sets in a distribution network in Bani Walid. The analysis included power flow 
analysis, contingency analysis and transient stability analysis. Power flow has been improved 
using an automatic voltage-magnitude-regulating transformer, as presented in chapter 4. The 
disconnection of the PV or the utility grid does not have any negative impact on the system, 
since it can be supplied by the other sources in the system. The system has been tested for several 
disturbances (e.g., loss of a generation, short circuit with loss of a generation, and short circuit 
with loss of a load). The PSS was used in the system to help with system stability. The results 
show that the generator governor (Woodward UG-8) and the exciter (IEEE Type AC4) of the 
generator sets were able to recover the stability of the system and that PSS1A damped the rotor 
oscillation quickly. 
The performance of OLTC is also presented in chapter 4.  The results illustrated that 
OLTC improved power flow and helped to recover voltage level to close to the nominal value 
during transient stability. 
5.2 Contribution 
This research contributes to the enhancement, increase and refocus of energy production 
across western Libya through the application of hybrid energy-producing systems and by 
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exploiting the benefits of local renewable energy systems in cities like Bani Walid. This research 
could also be implemented in cities across the world to benefit from their local renewable energy 
sources. 
Stability analysis of the existing power grid with real data and loads in Western Libya has 
been performed using the PowerWorld Simulator and the results of this work were presented as 
a paper and published at a local NECEC conference in 2016 [52]. The proposed hybrid power 
system has been sized for best optimization of the system and the results and a comparison of 
different configurations as well as scaling the design approach for different cases have been 
presented in this thesis and will soon be published in a peer-reviewed journal paper. This 
research studied the impact of a large PV scale with ESS and generator sets in a real distribution 
network in Libya and improved the stability of the hybrid power system using Automatic OLTC. 
The PV system configurations have been done as well as the field design, using AutoCAD 
software for accurate results. A study of the performance of Automatic OLTC and the 
comparison between different cases have been done in steady-state stability, as well as the 
performance of automatic OLTC during transient stability, and the results will be published 
soon.    
5.3 Future Work 
This thesis, demonstrates that additional work can be done for continuoty. Controllers in 
generator sets can also be designed by using UDM as well as a master controller on the grid for 
transient stability analysis enhancement in hybrid power systems. 
- Other energy storage options such as pumped hydro could be studied. 
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- Other large solar systems, e.g. a central receiver system, dish Stirling system and paraboloid 
reflector-based systems, could be studied for Libya. 
- Economics of gas vs. oil-based generators can be studied and compared. 
- Effects of dust on a PV system and dust cleaning methods can be studied and compared. 
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Appendix A:  Parameters of the governor Woodward UG-8 (UG-8) 
Parameter Definition Value Unit 
Mode Droop or Isoch   
Ad Permanent droop constant 58.2 rpm/in 
Pmax Maximum shaft power 2.737 MW 
Pmin Minimum shaft power 0 MW 
A1 Compensator constant 73.3 rad/sec 
A2 Compensator constant 0.195 rad/sec 
A3 Compensator constant 0.4 rad/sec 
B1 Ball head filter constant 4.2  
B2 Ball head filter constant 110.3  
C1 Governor drive ratio 1457  
K1 Partial very high pressure turbine power fraction 1 deg./in 
T7 Engine dead time constant 0.15 sec 
T8 Fuel value time constant 0.1 sec 
 
Appendix B:  Parameters of the exciter IEEE Type AC4 - High-Initial-Response 
Alternator-Supplied Controlled Rectifier Exciter (AC4)  
Parameter Definition Value Unit 
VRmax Maximum value of the regulator output voltage 5.64 p.u. 
VRmin Minimum value of the regulator output voltage -4.53 p.u. 
VImax The value of excitation function at Efdmax 10 p.u. 
VImin The value of excitation function at 0.75 Efdmax -10 p.u. 
KA Regulator gain 200 p.u. 
KC Rectifier loading factor related to commutating reactance 0 p.u. 
TA Regulator amplifier time constant 0.015 sec. 
TB Exciter time constant 10 sec. 
TC Regulator stabilizing circuit time constant 1 sec. 
TR Regulator input filter time constant 0 sec. 
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Appendix C:  The parameters of power system stabilizer IEEE Type 1 PSS (PSS1A) 
Parameter Definition Value Unit 
KS PSS gain 3.15 p.u. 
VSTMax Maximum PSS output 0.9 p.u. 
VSTMin Minimum PSS output -0.9 p.u. 
VTMin Terminal undervoltage comparison level 0 p.u. 
TDR Reset time delay for discontinuous controller 0.2 sec. 
A1 PSS signal conditioning frequency filter constant 0 p.u. 
A2 PSS signal conditioning frequency filter constant 0 p.u. 
T1 PSS lead compensation time constant 0.76 sec. 
T2 PSS leg compensation time constant 0.1 sec. 
T3 PSS lead compensation time constant 0.76 sec. 
T4 PSS leg compensation time constant 0.1 sec. 
T5 PSS washout time constant 1 sec. 
T6 PSS washout time constant 0.1 sec. 
 
